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Chapter 2
Waste and Landfill Fundamentals

Abstract Although this book focuses on sustainable approaches to landfilling of 
MSW, a presentation of fundamental MSW and landfill concepts is warranted. 
Elements of typical environmental control infrastructure are described, including bot-
tom liner systems; leachate collection, removal, and treatment systems; gas collection 
systems; and closure systems. Sanitary landfill operation basics are presented, fol-
lowed by a summary of waste stabilization processes and key aspects of sustainable 
landfilling systems, including a description of the bioreactor landfill concept.

Keywords  Landfill • Liner • Leachate • Bioreactor • Stabilization • Sustainable

2.1  The Solid Waste Universe

This book focuses on sustainable practices for landfills managing MSW. Solid 
waste, however, refers to a broader universe of waste materials from residential, 
commercial, institutional, and industrial sources. Solid waste is not solely limited to 
discarded solid material; the term is often used to describe wastes in a semi-solid 
(e.g., sludge) or liquid form. Many solid wastes, because of practical or regulatory 
constraints, are managed as distinct and separate waste streams, including MSW, 
construction and demolition (C&D) debris, hazardous waste, industrial waste, agri-
cultural waste, mining waste, and a myriad of special wastes.

In general, MSW refers to garbage and refuse produced from typical residential and 
commercial activities. MSW is the waste stream that must be routinely removed from 
households, businesses and institutions in a community, and although it might contain 
any number of different components, it is comprised primarily of the discards of daily 
life and business with which most of us are familiar. Common MSW components 
include paper (e.g., office paper, newspaper, and packaging), plastic, metal, glass, food 
scraps, plant trimmings, textiles, and bulky items (e.g., furniture, appliances). MSW is 
collected as part of a municipality’s publicly operated or contracted waste collection 
services, or by private collectors hired by businesses or individuals, and as discussed 
in Chap. 1, the majority of MSW worldwide is disposed of in a landfill or open dump.

MSW generation and composition varies by region and country based on factors 
such as per capita income, dominant industries, and cultural practices. Waste genera-
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tion  rates  strongly  correlate with  income  level  (Hoornweg and Bhada-Tata 2012), 
with greater average generation rates occurring in high income nations (2.1 kg/capita-
day) compared to upper middle, lower middle, and lower income nations (1.2, 0.8 and 
0.6 kg/capita-day, respectively). Figure 2.1 presents estimated MSW composition in 
the US in 2010 (US EPA 2011). The largest component of the US MSW stream is 
paper (29 %), with yard trimmings (13 %), food scraps (14 %), and plastics (12 %) 
also contributing heavily. This composition is representative of much of the devel-
oped world, with an abundance of packaged products and a greater quantity of dis-
carded goods. This differs from many parts of the world, as indicated in Fig. 2.2, 

Fig. 2.1 2010 Municipal 
solid waste composition in 
the US (US EPA 2011)

Fig. 2.2  Typical MSW composition in Chinese cities (Based on composition studies from 12 cit-
ies reported in Zhang et al. 2010)

2 Waste and Landfill Fundamentals

Dr. Alireza Bazargan  info@environ.ir

A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Highlight



15

which presents the typical composition of MSW in major Chinese cities (Zhang et al. 
2010). Organic waste is the dominant component (58 %), with paper a much smaller 
contributor (9 %).

Waste composition is a critical factor when considering sustainable landfilling 
practices, as many of the potential problems with MSW landfills (e.g., water 
 pollution potential, atmospheric emissions) result from the dominance of biodegrad-
able materials in the waste. In higher income nations paper dominates, with appre-
ciable amounts of food waste and plant trimmings also contributing (Fig. 2.3a). In 
lower income nations, food scraps and related organic materials dominate (Fig. 2.3b). 
Landfills managing either waste stream require sustainable practices to promote safe 
waste stabilization and control of emissions, although the manner in which some of 
this control will be achieved may differ. For example, landfills dominated by greater 
amounts of paper will need more liquids added to encourage stabilization, while in 
landfills dominated by food waste, sufficient moisture may already exist.

2.2  Landfill Components

As described in Chap. 1, modern sanitary landfills are designed and constructed to 
minimize impact to the environment. The disposal of wastes in landfills can pose 
potential problems to human health and the environment if such facilities are not 
properly located, designed, and operated. Some problems are catastrophic in nature, 
such as waste slides due to the instability of waste mass and explosions as a result 
of migrating gases. Other problems are more chronic in nature, such as long-term 
contamination of groundwater from leachate and impacts on global warming from 
the release of methane. These potential impacts can be mitigated through proper 
siting, design, construction and operation. To provide appropriate background for 

Fig. 2.3 Global MSW composition (a) High income countries (b) Lower income countries 
(Hoornweg and Bhada-Tata 2012)
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the later sections of this book, several major landfill components are discussed 
below, including liners, systems for leachate and gas management, and landfill man-
agement after waste disposal has stopped. Figure 2.4 provides an overview illustra-
tion of major landfill components.

2.2.1  Foundation and Liner

When water is exposed to waste, either through rainfall, groundwater inflow, or 
moisture contained in the waste, the water becomes elevated in dissolved chemicals 
and suspended particles from the waste and this liquid is referred to as leachate. In 
nearly all circumstances, land-disposed waste will result in the production of leach-
ate. Landfill engineers and operators rely on barrier layers to prevent or minimize 
the migration of leachate to the environment. A barrier layer is often referred to as a 
liner, though a barrier layer at the top of a landfill—included to prevent gases from 
escaping and water from entering and forming more leachate—is typically referred 
to as a cap.

Prior to liner construction, the land upon which the landfill is to be constructed 
must be appropriately examined to ensure that the soils and underlying geology 
(the foundation) have sufficient strength to support the weight of the waste materi-
als and associated infrastructure. Engineers and geologists must also evaluate the 
potential for seismic activity or sinkhole formation, as well as estimate the rate at 
which the foundation will settle or subside over time. In some cases, foundation 

Fig. 2.4 Overview of major components of modern, engineered landfills
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improvement will be required; examples include deep dynamic compaction and 
grouting. Existing soils may require excavation and removal, and often additional 
soils may be brought to the site. Prior to placement of liner materials, the founda-
tion surface will be graded to meet the appropriate surface elevations needed for 
the designed drainage plan.

The two major categories of materials used in the construction of liner systems 
are low permeability earthen materials and geosynthetic materials. These two 
materials may be used independently or in combination to achieve the desired per-
formance or regulatory requirements. In many nations, a prescribed set of design 
and construction criteria are mandated; Fig. 2.5 illustrates the minimum federal 
liner requirements for MSW landfills in the US, noting that federal rules allow 
states to develop their own criteria, which may be more stringent. With regulatory 
approval, engineers often utilize additional materials and design configurations to 
achieve fundamental containment objectives of this approach (Qian et al. 2002; 
Koerner 2005).

Earthen materials include natural soils with large clay mineral content, as these 
soils are necessary to reach target hydraulic conductivity requirements. Soils meet-
ing necessary specifications are constructed in a series of smaller lifts (typically 
0.15 m) to achieve the targeted thickness. During construction, an appropriate 
amount of water is added along with compaction energy to achieve desired density 
and hydraulic conductivity targets (Fig. 2.6a). In some cases, processed clay miner-
als are mixed with onsite soils to meet specifications. Products known as geosyn-
thetic clay liners (GCL) come in rolls that can be transported from long distances 
when clay soils are not abundant locally.

Fig. 2.5 Prescriptive federal Liner requirement for US MSW landfills

2.2  Landfill Components

Dr. Alireza Bazargan  info@environ.ir

A Bazargan
Highlight

A Bazargan
Text Box
heavy slab is lifted and dropped to compact deep layers

A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Text Box
unified definitionclay 2um maximum sizesilt 7.6 um maximum sizesand 4.75 mm maximum size

A Bazargan
Highlight
optimum moisture maximizes compaction (there is a peak 'n' shape). Depending on the proctor (slab for koobidan) the optimum moisture and max compaction will change. (azmayesh tarakom)If too little, you can have cracks



18

Geosynthetic liner products, known as geomembranes, are manufactured from 
several different types of plastic polymers, the most common one in use for landfill 
bottom liners being high-density polyethylene (HDPE). Geomembranes are con-
structed by connecting adjacent panels of geomembranes (Fig. 2.6b) together 
through welding; HDPE geomembranes are attached using thermal welding. 
Thermal fusion welding is utilized for long seam lengths in a semi-automated fash-
ion (Fig. 2.6c). Thermal extrusion welding is a manual process used for connections 

Fig. 2.6 (a) Construction of compacted earthen liner. (b) Geomembrane liner panels. (c) Thermal 
fusion welding of geomembrane panels. (d) Thermal extrusion welding of geomembrane (Photo 
courtesy of Jones Edmunds)
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Fig. 2.6 (continued)

2.2  Landfill Components

Dr. Alireza Bazargan  info@environ.ir



20

where overlapping straight lengths of geomembranes is not available and when the 
geomembranes are attached to other plastic components (Fig. 2.6d). Rigorous test-
ing of liner materials and seams must be included as part of geomembrane liner 
construction.

2.2.2  Leachate Collection, Removal and Treatment

As leachate migrates downward in a landfill under the driving force of gravity, it 
ultimately reaches the bottom liner system, at which point it must be removed from 
the landfill. This is accomplished using the leachate collection and removal system 
(LCRS). Requirements for removal and the design of the LCRS are dictated by 
regulatory requirements to minimize the potential for leachate migration through 
the liner system and to meet the performance needs of the design. As part of the 
LCRS design, the liner system is graded (sloped) to promote gravity drainage to a 
series of low elevations inside or outside of the landfill, from which the leachate is 
then removed by mechanical pumping (though in sites with sufficient elevation 
drop, gravity drainage may be used exclusively). Regulations often require a LCRS 
design that will result in the buildup of no more than a maximum depth (head) of 
leachate above the liner; in the US, this depth is 0.3 m (1 ft).

The engineer designs the LCRS to stay within maximum design depth of leach-
ate by sloping the liner system, providing drains (large perforated pipes surrounding 
by drainage material) for rapid leachate removal, and by specifying a highly perme-
able drainage layer to be placed on top of the liner system and below the waste. 
A variety of drainage materials may be used. In areas where rounded stone is readily 
available, this material is commonly used because of its high hydraulic conductivity 
(Fig. 2.7a); layers of geotextile might be necessary to protect the geomembrane 
from damage by the rock and to keep overlying soil and waste from clogging the 
rock. Sand is also commonly used (Fig. 2.7b), though it is lower in hydraulic con-
ductivity than stone and therefore the LCRS must be designed with greater fre-
quency of drains. Geosynthetic drainage materials known as geonets provide rapid 
drainage with a small thickness, and coupled with geotextiles to prevent clogging; 
these products are commonly used in modern LCRS designs (Fig. 2.7c).

Using the sloped bottom liner and a series of drainage trenches, the engineer 
designs the LRCS so that leachate is routed by gravity to a designated set of low 
points, or sumps. These low points may be located within the lined containment 
unit, or they may be manholes or lift stations outside the lined area. Pumps are pro-
vided to extract leachate from the LCRS to the desired location for further manage-
ment (Fig. 2.7d). The extracted leachate must be treated appropriately prior to 
discharge to the environment. If an appropriate treatment system is sufficiently 
close, leachate pumped from the landfill may be routed directly to an existing 
 treatment facility. More commonly, leachate storage is provided on site (e.g., using 
ponds or tanks). In some cases, leachate is stored prior to subsequent transport off-
site for treatment, though in some cases treatment operations are included on site.

2 Waste and Landfill Fundamentals
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Fig. 2.7 (a) Rounded stone used as LCRS drainage material. (b) Sand placement for LCRS.  
(c) Geonet installation in LCRS. (d) Leachate pump station
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2.2.3  Landfill Gas Control

Given the large amount of highly degradable organic matter in most MSW landfills, 
this material decomposes soon after waste disposal, which results in the production 
of biogas—a more detailed discussion of this process is provided in Sect. 2.5. 

Fig. 2.7 (continued)
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Under the anaerobic conditions that normally develop in landfills (due to the com-
bination of compacting and covering the waste, and lining the bottom), large fractions 
of components such as food waste, paper, and yard trash are biologically decomposed 
to a gas that consists primarily of methane and carbon dioxide. The extent and rate at 
which this conversion takes placed is dictated by the waste type (e.g., the amount of 
food waste versus the amount of paper) and conditions such as moisture content, pH, 
and temperature. A focus of this book is on controlling the conversion process, but 
these reactions occur in all MSW landfills, and thus a common design component of 
many modern landfills is a gas collection and control system (GCCS).

The primary driving force for gas produced within an MSW landfill to migrate 
from the disposal unit is pressure. As gas is produced in the constrained volumes 
within the waste, pressure builds and the gas moves toward lower pressures outside 
the landfill. Thus, basic elements of most GCCS are extraction points that provide 
controlled pathways for gas escape from the landfill. These extraction points are 
most commonly vertical wells within the waste, though other configurations have 
been used. At some facilities, wells are naturally vented to the atmosphere (and pos-
sibly a flare), but when maximum gas recovery efficiency is desired, the wells are 
tied together using a series of connected manifold pipes, and this piping network is 
connected to mechanical blowers or fans to induce a vacuum in the well-field. The 
combined gas is then either flared or utilized in some beneficial fashion.

An important element of the GCCS is the extraction points where the operator 
has the ability to control the degree of vacuum placed at a given location. Figure 2.8 

Fig. 2.8 Landfill gas 
extraction well at a facility 
covered with a geomembrane
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illustrates a typical gas extraction wellhead, which includes the gas well penetration 
through the surface of the landfill; a wellhead to allow measurement of flow, pres-
sure, and temperature; a control valve for adjusting pressure and flow; a flexible 
connection to the gas manifold; and appropriate connections to the surface cap that 
minimize air entrance into the landfill. Another important design and operation con-
sideration for a GCCS is the management of condensate that forms in the pipes; this 
liquid must be appropriately removed or else it will interfere with gas transmission. 
Since gas condensate typically includes dissolved chemicals such as volatile organic 
compounds (VOCs) that may have deleterious health or environmental impacts, it is 
normally managed in a similar fashion to landfill leachate.

2.2.4  Landfill Closure

When waste is no longer disposed in a landfill, a final layer of soil—often accompa-
nied by an engineered barrier layer—is placed on the surface (Fig. 2.9). This final 
cover system (often referred to as a cap) serves the purpose of minimizing water entry 
into the landfill and possibly decreasing the amount of gas exiting the landfill. In 
many respects, final cover systems are similar to bottom liner systems in that they 
contain multiple components with different functions. Compacted soil and/or geo-
membranes are used as a barrier, while highly permeable layers above the cap are 
designed to route water from the final cover as stormwater. Meanwhile, a highly 
permeable layer below the cap facilitates gas removal and direction to specified col-
lection points. Some sites have implemented caps designed using the principles of 

Fig. 2.9 Construction of a closure system at a landfill site
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evapotranspiration, where a combination of favorable climatic conditions and 
 engineered cap properties are used to prevent infiltration of rainwater through the cap.

In addition to the construction of a final cap, the process of landfill closure 
includes the integration of other control infrastructure including a landfill gas vent-
ing or collection system and a stormwater control system to prevent erosion of the 
cap surface. Most landfill caps include a grassed layer of topsoil to prevent erosion, 
but some facilities have implemented exposed geomembrane caps that are textured 
or impregnated with artificial grass.

2.3  Landfill Operation

Landfill operation not only includes the daily activities associated with the place-
ment of waste in the landfill, it includes the execution of a variety of specialized 
tasks  such  as  those  related  to  leachate  management  and  gas  extraction  (Bolton 
1995). A modern landfill site will include a number of elements beyond the disposal 
unit, including a scale-house for weighing incoming materials, a system of roads for 
routing trucks to and from the waste disposal area, and facilities for employees and 
maintenance of equipment and vehicles. Other large areas may be devoted to sur-
face water management systems, cover soil excavation and processing, and buffers 
from neighboring property. Many landfill sites also house other dedicated waste 
management operations such as yard trash processing, composting, recycling, and 
storage of appliances, tires, or other bulky material. In short, landfill facility opera-
tion is a multi-faceted endeavor.

Trucks carrying waste that enter the site for disposal are first weighed using 
scales and appropriate information is recorded for billing (Fig. 2.10a). Some land-
fills may simply have a receiving area where truck counts or truck load volume is 
recorded in lieu of scales. Waste vehicles are directed to dedicated disposal areas 
within the waste containment unit, commonly known as the working or active face 
(Fig. 2.10b). As waste vehicles unload their contents, landfill employees using a 
variety of equipment push the material to the desired location and compact the 
waste. Most landfill operators utilize large steel-wheeled compactors designed to 
maximize density after three or four passes over a layer of waste, (typically less than 
1 m). As waste is unloaded from collection and transport vehicles, “spotters” exam-
ine the waste for improper materials; this is especially important for the first lift of 
waste placed in a new landfill to exclude materials that pose a puncture risk to the 
liner (Fig. 2.10c). Cover soil is hauled to the working face and then placed over a 
finished lift of waste by the end of the working day. In some cases, alternative cover 
materials to soil will be used, included mulch, tarps or foam.

Waste placement and compaction follows a predetermined filling sequence 
designed to fill the containment area in an organized manner than meets desired site 
objectives (e.g., slopes for stormwater control, placement of internal hauling roads). 
Strategic waste filling results in a final landfill configuration that meets designed 
targets for elevation, side slopes, stormwater control structures, and grading of the 
landfill top deck.

2.3  Landfill Operation
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Fig. 2.10 (a) Trucks carrying waste that enter the site for disposal are first weighed using scales 
and appropriate information is recorded for billing. (b) Waste vehicles directed to dedicated dis-
posal areas within the waste containment unit.  (c) Spotting incoming waste. (he ) Monitoring the 
gas system
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In addition to waste tipping, compaction, and soil placement, the landfill opera-
tor is responsible for other operational features of the site such as operation and 
maintenance of the leachate removal and gas control systems. Leachate system 
operations includes ensuring proper operation of pumps, providing for appropriate 
maintenance, recording system data, and any operational needs of the leachate treat-
ment and discharge components. In a similar manner, mechanical landfill gas 
extraction blowers must be maintained and the well field must be appropriately bal-
anced to ensure efficient collection and to minimize possible risk of landfill fires 
(Fig. 2.10d).

Fig. 2.10 (continued)
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Landfill operation does not end at closure. Throughout the life of the facility and 
after closure, groundwater and soil vapor samples must be collected and analyzed to 
meet regulatory permit requirements. Leachate collection and gas collection sys-
tems must be maintained. Post closure refers to the period following closure when 
necessary operation and monitoring of the landfill continues. Regulations typically 
mandate a minimum period of post-closure care; in the US, this period is 30 years. 
In addition to necessary monitoring, post-closure activities include operating the 
leachate and gas systems, maintaining the landfill cap and related features, and 
ensuring the integrity of all critical site features.

2.4  Waste Stabilization Processes

The importance of biological activity in landfilled MSW has been discussed multi-
ple times in the introductory material provided thus far. Given that a major element 
of sustainable landfill operations is the control of the waste stabilization process and 
the byproducts resulting from it, as part of a discussion of landfill fundamentals, it 
is useful to describe the process in greater detail. Several researchers have provided 
descriptions of a progression of phases that a landfill will undergo after waste place-
ment (Senior 1995; Palmisano and Barlaz 1996), with descriptions of changes in 
leachate and gas composition that result from each phase. A generalized depiction 
of these landfill phases is presented in Fig. 2.11.

Once waste is landfilled, the void spaces within the waste mostly contain air, and 
thus the initial phase of waste decomposition is often described as aerobic. 
Placement of daily cover, additional waste, and waste compaction may limit oxy-
gen transfer, resulting in the termination of aerobic decomposition within a short 
period of time. For this reason, the portion of waste decomposed under aerobic 
conditions is relatively small with respect to the entire landfill stabilization process. 
The major gas components observed in the aerobic phase are oxygen, nitrogen 
(entrapped from the atmosphere) and carbon dioxide generated as a byproduct of 
aerobic decomposition.

As the oxygen trapped within the waste is depleted, the landfill conditions may 
change to anaerobic. With a lack of oxygen, waste may be decomposed by the bac-
teria that can use nitrate and sulfate (rather than oxygen) as an electron acceptor. In 
the acid phase, hydrolysis of macromolecules such as cellulose and protein enhances 
organic acid production and results in a decrease in pH. Although these organic 
acids can be consumed by methanogenic microorganisms, a great amount of organic 
acid can be accumulated due to the low growth rate of methanogens in comparison 
with the growth of acid formers. These cumulative organic acids and CO2 (a byprod-
uct of waste degradation) can depress the pH of the landfill. In addition, hydrogen 
gas can be produced as a byproduct of the degradation of butyric and propionic acid. 
Figure 2.12 provides an overview of anaerobic waste stabilization microbiology

As the redox potential of a landfill decreases, the growth of methanogenic 
 microorganisms increases. Organic acid and hydrogen gas produced from waste 
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degradation are rapidly consumed by methanogens, resulting in an increase of pH 
(7–8). In the methanogenic phase, CH4 concentration in LFG is generally observed 
to be slightly higher than that of CO2. This is because the ratios of CO2 and CH4 
produced from organic acid- and hydrogen-using methanogens are different. Carbon 
dioxide also can be used as an electron acceptor and carbon source for hydrogen-
using methanogens. In this phase, concentrations of organic matter substantially 
decrease, and the most landfill settlement (waste volume loss) is observed. 
Collectively, the methanogenic phase provides the best quality and quantity of LFG 
with respect to energy recovery.

In the final phase, although CH4 and CO2 in LFG are observed, the rate of LFG 
production is substantially diminished since the biodegradable portion of the waste 
is mostly depleted. The organic matter in the leachate changes to a complex form 
that may not be biodegradable, such as fulvic and humic acid. In some cases, oxy-
gen and nitrogen can be observed in the gas due to air intrusion.

The changing environment within the landfill through the process of waste stabi-
lization results in changing leachate chemistry with time. In addition to the pH 
variations described above, the chemical constituents change which affects the 
leachate treatment process and therefore technology selection. Table 2.1 describes 
general classes of leachate quality constituents and their progression through the 

Fig. 2.11 Waste stabilization phases
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stabilization process. Dissolved constituents such as inorganic ions (e.g., chloride, 
sodium) and ammonia nitrogen become more concentrated with time. Perhaps most 
dramatic is the change in the organic chemicals during stabilization (as portrayed in 
Fig. 2.11). In the earlier acid phase, easily biodegradable organic chemicals make 
up much of the dissolved organic matter, as manifested by elevated measurement of 
both  biochemical  oxygen  demand  (BOD)  and  chemical  oxygen  demand  (COD). 

Fig. 2.12 Anaerobic waste stabilization microbiology
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With a sufficiently active methanogen population, the biodegradable components 
are rapidly consumed, and thus leachate organic matter becomes dominated by 
organic matter  recalcitrant  to biological decay (this  is manifested by  lower BOD 
value and decreased ratio of BOD to COD). After stabilization, organic matter con-
tent retains a similar signature.

2.5  Landfill Bioreactor Fundamentals

The concept of a landfill bioreactor, or differently named facilities with similar 
objectives, centers on operating a landfill to encourage waste decomposition, and 
thus limit the “active” life of the facility to those years when the site infrastructure 
is in its best condition, and when it is actively being monitored. The operator 
attempts to control, monitor, and optimize the waste stabilization process rather 
than simply contain the wastes as prescribed by most regulations (Reinhart et al. 
2002; Reinhart and Townsend 1997). The Solid Waste Association of North America 
(2002) defines a bioreactor landfill as:

a controlled landfill or landfill cell where liquid and gas conditions are actively managed in 
order to accelerate or enhance biostabilization of the waste. The bioreactor landfill signifi-
cantly increases the extent of organic waste decomposition, conversion rates, and process 
effectiveness over what would otherwise occur with the landfill.

Table 2.1 Major leachate quality classes and changes during stabilization

Leachate 
constituent Changes with stabilization

Organic 
matter

In the early phases of landfill stabilization, the concentration of organic matter is 
largely a result of the volatile fatty acids and other easily biodegradable 
chemicals. As the landfill progresses into an active methane-forming phase, most 
of the easily degradable organic matter is consumed within the landfill, and 
concentrations decrease. As activity progresses toward stabilization, leachate 
organic matter becomes dominated by large molecular weight chemicals that are 
recalcitrant to biodegradation

Inorganic 
ions

As the landfill ages, the ionic concentration tends to increase as leachate becomes 
less influenced by rainwater dilution and more wastes become exposed to moisture. 
Many inorganic ions such a chloride and sodium will be conserved in the system so 
when leachate is recirculated, concentrations will increase with time. Eventually, as 
more moisture flushes through the landfill, concentrations will decrease

Nutrients Ammonium will exist at the dominant nutrient chemical and will behave in a 
similar nonreactive manner as other inorganic ions as the long as the environment 
remains anaerobic. At the points when air enters the landfill again, some of the 
ammonia may be biologically transformed to other nitrogen species

Trace 
chemicals

Trace pollutant concentrations are often sufficiently low that trends will be hard to 
observe, but the long-term trend with stabilization will be chemical specific. 
Some chemical constituents may biodegrade and others may be entrained with the 
waste (e.g., sorption, precipitation). Other trace elements will behave similar to 
inorganic ions

2.5   Landfill Bioreactor Fundamentals
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Potential advantages of this approach include: decomposition and biological 
stabilization in years versus decades in “dry tombs,” reduced leachate disposal 
costs, a gain in landfill air space due to the rapid stabilization of waste mass, 
increased LFG generation that when captured can be used for energy, and reduced 
post-closure care.

Multiple MSW stabilization enhancement techniques such as leachate recircula-
tion, air addition, co-disposal with sludges, low-density tipping and pretreatment of 
MSW have been investigated (El-Fadel 1999; Knox et al. 1999; Komilis et al. 1999; 
Reinhart and Al-Yousfi 1996; Reinhart and Townsend 1997; Townsend 1995). Out 
of all the techniques examined, increasing moisture content by leachate recircula-
tion or addition of water and other liquids has been the most widely demonstrated. 
It has been applied in numerous lab-scale, pilot-plant and full-scale studies (Reinhart 
et al. 2002; Reinhart and Townsend 1997).

Leachate recirculation, also referred to as leachate recycling, was originally con-
ceived as a method of managing leachate at solid waste landfills. This process 
involves the return of leachate intercepted by a landfill’s bottom liner and leachate 
collection system back into the landfilled solid waste. Cited benefits of leachate 
recirculation include leachate management, leachate treatment, accelerated landfill 
stabilization, and enhanced gas production. Numerous pilot studies have been per-
formed demonstrating these benefits (Buivid et al. 1981; Leckie et al. 1979; Pohland 
1980). Previous full-scale experiences have suggested that the typical volume of 
leachate available at a site is insufficient to increase the moisture content of the 
waste to the desired value in a reasonable time frame. Leachate recirculation, there-
fore, is often supplemented with the addition of other liquid sources such as water 
(surface water or groundwater), sludge from wastewater treatment plants, or other 
available liquid wastes. Thus, this practice can be generically referred to as moisture 
addition, liquids introduction or liquids addition. These terms are used interchange-
ably throughout this book.

The liquids addition approach is utilized because the addition of moisture to 
landfilled waste creates an environment favorable for the organisms responsible 
for waste decomposition (as described previously in Sect. 2.4). The moisture 
available in the waste is usually not sufficient to meet the microbial requirements, 
so design and operational modifications are needed to add liquids to the landfill 
waste. Leachate is the most common liquid supply, but other moisture sources can 
also be used.

Another method to accelerate the decomposition of disposed material is the addi-
tion of air, although this is less frequently employed in comparison to the liquids 
addition approach. The addition of air, and thus oxygen, promotes the aerobic stabi-
lization of the landfilled waste. This is the same process that decomposes waste in a 
traditional waste compost system. Aerobic waste decomposition is a faster process 
in terms of reaction kinetics compared to anaerobic waste decomposition. The aero-
bic technique may be helpful for adopting bioreactor technology in cold regions. 
However, compared to the liquids addition approach, this technology can more read-
ily pose hazards. This happens when increases in the temperature due to the activity 
of microorganisms, in addition to the combination of methane (a landfill gas) with 
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oxygen, can cause waste combustion within the landfill and the formation  conditions 
leading to a fire at or near the landfill surface.

As the waste decomposes, whether under anaerobic or aerobic conditions, the 
volume occupied by waste decreases resulting in a recovery of landfill air space 
may be realized (estimates of a 15–30 % gain in landfill air space upon stabilization 
are common). However, the additional disposal capacity is only gained if the landfill 
operator structured the filling sequence to utilize the recovered air space. If a landfill 
is operated as a bioreactor after a final cap has been placed and no additional waste 
is added, the air space likely will not be re-gained.

With accelerated waste decomposition, where primarily organic waste decom-
poses, the LFG generation rate increases. Therefore, in bioreactor landfills and 
similar facilities, gas generation rates are much higher than in conventional land-
fills; consequently LFG can potentially be recovered and used economically. If not 
properly controlled through design and operation of a LFG collection system, the 
enhanced LFG production rates may result in increased emissions to the environ-
ment. Under anaerobic conditions, both methane (CH4) and carbon dioxide (CO2) 
are generated, while under aerobic conditions nitrogen gas (N2) and CO2 dominate. 
A gas extraction system can be utilized within the life of the landfill and for years 
after closure, to collect and control the landfill, including potential conversion to 
energy. Since bioreactor landfills increase the rate of LFG generation, the increased 
quantity in a shorter time period can improve the practicality of the beneficial use of 
the gas (e.g., electricity generation).

Ultimately, a properly designed, operated, and maintained bioreactor landfill, or 
a facility operated in a similar manner that enhances waste decomposition, potential 
for offers considerable reductions in environmental impacts relative to conventional 
landfills. The waste is stabilized over a reduced timespan, when the landfill is still 
being monitored and when the landfill infrastructure is in its best condition. 
A means of leachate management can be provided, additional air space can be 
gained (potentially decreasing the necessity to construct a new landfill), and the 
viability of collecting and beneficially using the LFG is increased. However, this is 
only feasible if the bioreactor landfill is properly designed, operated, and main-
tained. Most of the rest of this book focuses on the technologies that can be used to 
meet such objectives.
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Chapter 5
Landfill Constituent Relationships 
and Dynamics

Abstract MSW landfills are complex, dynamic systems, with a combination of 
phases (solid, liquid, and gas) interacting with and impacting one another in different 
ways throughout the life of a landfill. A discussion of these phases and fundamental 
properties of landfilled waste—which are key to understanding sustainable landfill-
ing processes and design parameters that impact the performance of sustainable 
landfilling technologies—is provided alongside a substantial amount of supporting 
data from numerous peer-reviewed studies. Concepts such as waste properties (e.g., 
density, porosity, and moisture content), liquids movement, gas and air movement, 
and solids movement, are presented sequentially to give the reader the necessary 
foundation in waste behavior and dynamics.

Keywords  Landfill  •  Sustainable  •  Bioreactor  •  Modeling  •  Leachate  •  Gas  • 
Density • Hydraulic conductivity • Shear strength

5.1  Landfill Components and Their Movement

MSW landfills, by their very nature, are dynamic systems. Liquids move through 
the waste mass in response to moisture infiltration from rainfall, drainage of liquids 
already entrained within the waste, or liquids purposely introduced to manage 
leachate or promote rapid waste stabilization. Solid waste components are con-
verted to various gases as a result of biological decomposition, and the gases move 
through the waste mass in response to internal pressure buildup and external atmo-
spheric changes. The waste mass itself changes over time as waste mass is lost, 
mechanical stresses redistribute, and liquid and gas content changes and redistrib-
utes. This chapter provides a discussion of the fundamental relationships among 
solid, liquid and gas phases. As appropriate, magnitudes of pertinent waste charac-
teristics are summarized. A basic discussion of liquid, gas, and solid movement at 
landfills is also described. The objective of this discussion is to provide sufficient 
fundamentals to prepare the reader for subsequent, more detailed discussions on 
these phase dynamics presented later in the book, and to provide the reader with 
necessary background to understand the potential applications of some of the more 
advanced constituent dynamics simulation tools that are available.
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5.2  Fundamental Properties of Landfill Waste

5.2.1  Phase Relationships

Many of the basic characteristics of landfilled waste that play a role in the design of 
sustainable landfill technologies relate one landfill constituent to another. Borrowing 
from classic soil mechanics literature, it is helpful to illustrate the relationship of 
these different phases in a constituent phase diagram (see Fig. 5.1).

The three primary phases are solid, liquid and gas. The solid phase consists of the 
waste components and cover soil. Water represents the liquid phase, although this 
water (i.e., leachate) will contain dissolved and suspended materials. At some point 
in a landfill’s life, the gas phase may be predominantly represented by chemicals 
similar to atmospheric air, but over much of the landfill’s existence, gaseous prod-
ucts of biological reactions will dominate the gas phase (e.g., methane, carbon diox-
ide). The phase diagram provides nomenclature for mass components on the left 
side, while volume components are represented on the right side. In the following 
sections, some of the more important material properties are described, with many 
of these defined by the mass and volume components in Fig. 5.1.

5.2.2  Density

Density relates the mass of a material to its respective volume, and following 
 conventions illustrated in Fig. 5.2, is defined as:
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Fig. 5.1 Phase diagram  
of landfill constituents
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where ρT refers to the total density (i.e., bulk density) of the media (kg/m3 or lb-m/ft3), 
MT is the total (wet) mass of the media (kg or lb-m) (the mass of gaseous phase is 
insignificant compared to solid and liquid phases), and VT is the total volume of the 
media (m3 or ft3). A related term, specific weight, relates the weight of material to 
its respective volume:

 

g T
T

T

W

V
=

 

(5.2)

where γT is the total specific weight of the material (kN/m3 or lb/yd3) and WT is the 
total (wet) weight of the media (kN or lb). Density and specific weight relate to one 
another as follows:

 g rT Tg=  (5.3)

where g is the gravitational constant. The term density will be more commonly used 
in this book as a generic tem referring to both parameters. In engineering calcula-
tions involving force or weight, specific weight is the correct parameter to use.

The density of waste plays an important role in many landfill design procedures. 
It is especially important in sustainable landfill operation where a primary objective 
is waste transformation (stabilization), a process through which density changes. 
It is also important to recognize the role that cover soil plays in determining the 
density of the landfilled mass (waste plus soil). Soil is substantially denser than 
most municipal wastes. As the relative amount of soil increases in a landfill (which 
will happen as waste decomposition proceeds), the density of the landfill increases.

Fig. 5.2 Dry density of processed, unprocessed and landfill excavated MSW as a function of 
applied stress as measured by Beaven (2000)
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Several researchers have measured waste density under a variety of conditions 
using different approaches (Watts and Charles 1990; Cowland et al. 1993; 
Zornberg et al. 1999; Oweis and Khera 1998). Table 5.1 presents a summary of 
the density and specific weight of several different municipal waste sources under 
different landfill conditions. Multiple factors impact the density of landfilled 
materials. Since newly-deposited and relatively dry municipal waste may have a 
density less than water, added liquids increase density. When waste decomposes 

Table 5.1 Densities and specific weights of the primary materials in a landfill under common 
landfill conditions

Material ρT  (kg/m3) ρT (lb-m/ft3) γT (kN/m3) γT (lb/yd3)

Water 998 62.4 9.77 1,685

Soil 1,680–1,920 105–120 16.4–18.8 2,835–3,240

Newly compacted waste (no soil)  
(Kavazanjian 2001)

610–710 38–44 6–7 1,030–1,198

Excavated landfill waste (near the  
surface of the landfill) (Zornberg  
et al. 1999)

1,017–1,220 64–76 10–12 1,716–2,059

Excavated landfill waste (deep  
in the landfill) (Cowland et al. 1993)

1,330–1,530 83–96 13–15 2,245–2,582

Crude, domestic waste, retrieved  
from the tipping face of a landfill  
(Powrie et al. 1998)

500–1,180 31.2–73.7 4.90–11.6 842.8–1,989

Landfilled waste and cover soil  
(Hull et al. 2005)

1,150 71.8 11.3 1,938

Landfilled MSW most recently  
deposited 2 years prior to sampling  
(sample depths: 1.5–6 m)  
(Chiemchaisri et al. 2007)

240–1,260 15–78.7 2.35–12.4 404.5–2,124

Landfilled samples extracted via  
borehole every 1 m depth from  
a landfill closed in 1985  
(Al-Yaqout et al. 2007)

1,088–2,350 67.9–147 10.67– 
23.05

1,834–3,961

Transfer station collected MSW  
(Penmethsa 2007)

906.5–1,071 56.8–66.8 8.89–10.5 1,528–1,805

Landfilled MSW (Alaska), soil,  
and subgrade soils (Hanson  
et al. 2008)

530 33.1 5.2 893.7

Landfilled MSW (Michigan), soil,  
and subgrade soils (Hanson  
et al. 2008)

999 62.4 9.8 1,685

Landfilled MSW extracted  
via borehole (Machado et al. 2010)

1,326–1,785 82.8–111 13–17.5 2,235–3,009

Large-scale MSW bioreactor  
lysimeter (Bareither et al. 2012a)

510–714 31.8–44.6 5.0–7.0 860–1,204

Landfilled MSW in Spain  
(Yu et al. 2012)

1,530–2,141 95.5–134 15–21 2,579–3,609

Landfilled MSW densified in-place  
via rolling and dynamic compaction  
(Yu-xin et al. 2013)

1,590–2,130 99.3–133 15.6–20.9 2,680–3,590
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and ultimately settles, density will increase as the moisture content increases, the 
fraction of less dense materials is reduced (e.g., paper), and the relative abun-
dance of cover soil increases.

Waste density is heavily influenced by overburden pressure, that is, the pressures 
imposed by overlying materials (waste and cover soil) due to their weight. It is well 
understood that landfilled material deep in the disposal unit, especially after a 
degree of stabilization has occurred, will be much denser than recently-compacted 
waste on the surface. Several researchers have measured the relationship between 
density and applied stress; the experimental devices used for these measurements, 
often described as an oedometer or a compression cell, allow measurement of waste 
density (and other parameters of interest) under conditions of different applied ver-
tical stresses. Beaven (2000) conducted a comprehensive evaluation of waste char-
acteristics resulting from the application of various pressures in a large-scale 
compression cell (2 m diameter), with the capability to convey leachate. The cell 
holds approximately 3,000–6,500 kg of waste (at field capacity) and is equipped 
with piezometers to monitor the leachate head within the cell. Three different waste 
streams were assessed using this device: a new sample of MSW (i.e., unprocessed), 
a processed sample of new MSW (shredded), and a waste sample excavated from a 
landfill (partially degraded). Waste samples were either loaded at a specified in situ 
density (0.5 ton/m3) or at a low pressure (approximately 5 bars), at a waste height of 
2.5 m, and then subjected to increasing applied pressure (up to five successive load 
increases from the initial 40 kPa) to characterize waste dry density in response to 
increased applied pressure. The results of this characterization are presented in 
Fig. 5.2; units of force are presented in both kPa and lb/ft2 (psp), while units of 
density are presented in both Mg/m3 and lb-m/ft3 (pcf). Beaven (2000) also mea-
sured other waste parameters as a function of applied pressure (e.g., effective poros-
ity, leachate volume extracted from waste during compression) and several of these 
will be presented later in this chapter.

Dry density is a useful way of presenting density data, as wet weight densities 
can be subsequently estimated for different moisture contents; it is important to 
note, however, that the degree of compaction that can be achieved will be influenced 
by the moisture conditions during testing. Figure 5.3 presents the wet-weight densi-
ties at different applied loads measured by Beaven (2000) under conditions where 
the waste was at field capacity. McKnight (2005) used a smaller-scale oedometer (a 
hydraulic press (10-ton cylinder jack and hand pump) coupled with a steel cylinder 
to contain the waste sample (0.43-m diameter)) to measure the relationship between 
density and applied pressure for samples of differing ages and states of decomposi-
tion excavated from a landfill in Florida, US. Results from these experiments are 
presented in Fig. 5.4, and include for comparison data points for soil, cardboard, 
compost, and lines from Beaven’s experiments.

Density estimates such as those presented in Table 5.1 and Figs. 5.1, 5.2, and 5.3, 
along with waste and facility-specific density information, can be used to provide 
better inputs for estimating landfill capacity, designing LCRS and landfill 
 foundations (Chap. 10), and projecting materials recovery amounts in landfill min-
ing operations (Chap. 17).

5.2 Fundamental Properties of Landfill Waste
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5.2.3  Porosity

Porosity is the fraction of the volume of the void space to the bulk volume of a 
porous medium, and is defined as:

 

h =
V

V
V

T  

(5.4)

Fig. 5.3 Wet density (at a moisture content of field capacity) of processed, unprocessed and land-
fill excavated MSW as a function of applied stress as measured by Beaven (2000)

Fig. 5.4 Dry density of excavated landfill waste samples (McKnight 2005) as a function of applied 
load. For comparison purposes, data from Beaven (2000) and measured for compost and cardboard 
included
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Several attempts have been made to measure the porosity of MSW. Like density, 
porosity will be influenced by applied stress (overburden pressure), with an observed 
decrease as stress increases. Korfiatis et al. (1984) constructed a column of waste to 
investigate infiltration rates and porosity by measuring the volume of water required 
to saturate the waste and found porosity values to vary from 50 to 60 %. Zeiss and 
Major (1993) investigated porosity variations as a function of the degree of compac-
tion and found that porosity ranged from 47 % at high compaction to 58 % at lower 
compaction. Zornberg et al. (1999) investigated porosity in relation to confining pres-
sure in a landfill undergoing vertical expansion and estimated a range of 49–62 % 
based on the specific weight of the waste and the applied overburden pressure.

The term drainable porosity is also used in some cases to describe void space, 
and as defined by Beaven  (2000) is the volume of water released from a unit of 
volume of fully saturated material that is allowed to drain freely under gravity. Also 
referred to as effective porosity, the drainable porosity is analogous to the concept 
of specific yield in hydrology. Figure 5.5 presents the range of drainable porosity 
measurements reported by Beaven (2000) as a function of applied pressure.

5.2.4  Moisture Content

The term moisture content refers to the amount of water (mass or volume) contained 
in a matrix (soil, waste) relative to the total mass of that medium. Moisture content 
may be defined differently depending on the application or discipline, thus it is 

Fig. 5.5  Drainable  porosity measured  as  a  function  of  applied  stress  as measured  by Beaven 
(2000)
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important to verify the definition of any moisture content value provided. Most 
engineers and facility operators, when discussing the moisture content of solid 
waste, refer to a weight-based definition, relative to the total weight of the media:

 

MC
M

M
W

T

=
 

(5.5)

where MC = gravimetric moisture content (wet weight basis), MT = bulk weight of 
the landfilled waste, and MW = weight of moisture. This value is measured by 
weighing a wet sample of waste, drying the waste in an oven and measuring the 
weight of moisture (normally water) that evaporated, and dividing the moisture 
weight by the total weight. Typical values of wet-weight moisture content for MSW 
(as disposed) are provided later in this section. In some applications it may be com-
mon to encounter a moisture content that relates the weight of water in a medium to 
the dry weight of solids. This parameter is referred to herein as water content, and 
is defined as

 

w
M

M
W

S

=
 

(5.6)

Where w = water content, MW is the mass of water, and MS is the mass of dry solids. 
This term is routinely used to characterize soil relationships such as soil 
compaction.

The volumetric moisture content (θ) refers to the volume of water occupied by 
the volume of a medium. Volumetric moisture content is the parameter used when 
modeling liquids flow through a porous media, and is defined as:

 

q =
V

V
W

T  

(5.7)

where θ = volumetric moisture content; VT = total volume of the landfilled waste; 
VW = volume of water (or liquids). The following relationship allows conversion 
between MC and θ.

 

MC W

T

w=
r
r

q
 

(5.8)

Where ρT = bulk density of the landfilled waste and ρW = density of water.
The moisture content of waste when disposed depends on the composition of the 

waste, climatic conditions, and landfilling practices such as surface water manage-
ment. Table 5.2 presents initial MC of MSW from several locations as reported in 
the literature.
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Table 5.2 Reported moisture content of as-disposed MSW

Location and reference Moisture content (wet weight basis) Remarks

New Jersey (Korfiatis et al. 1984) 44.3 % Samples collected from a local landfill

United States (Tchobanoglous  
et al. 1993)

15–40 % Municipal waste in compactor truck or normally or well-compacted 
in a landfill

Pennsylvania (Gabr and Valero 1995) 23.1 % (near surface) to 56.5 % (20 m deep) Samples collected from a waste profile from a landfill opened  
in 1940

Florida (Townsend et al. 1996) 31.3 % (13), 29.7 % (6), 27.6 % (11) Samples were collected from control and bioreactor area prior  
to leachate recirculation

California (El-Fadel 1999) 26–46 % Samples collected before leachate recirculation

California (Zornberg et al. 1999) 3.5–50 % (average 28 %) 80 Samples collected from a landfill

South Korea (Jang et al. 2002) 36.0 % Borehole extracted samples from a municipal landfill

California (Mehta et al. 2002) 11.8–26.7 % 11 Samples

Florida (Jonnalagadda 2004) 23 % (11.5–36.8 %) 51 Samples from a lined MSW landfill before leachate recirculation

New Jersey (Hull et al. 2005) 28.3 % (18.8–41.6 %) 98 Samples from 13 gas extraction well borings

Florida (McKnight 2005) 24.1–43.4 % 17 Samples from a part of 40-ha unlined landfill

New York (Harris et al. 2006) 26.0–44.2 % Eight samples, collected via hollow- stem auger

36.4–76.4 % 12 Samples, collected via bucket auger

Kuwait (Al-Yaqout et al. 2007) 2.1–37.9 % (mean approx. 13.5 %) 13 Borehole extracted samples from a landfill

Thailand (Chiemchaisri et al. 2007) 39.6–60.1 % Landfilled MSW most recently deposited 2 years prior to sampling

Mean of three samples collected

Illinois (Reddy et al. 2009a, b) 30.6 % Four 1.5-year-old samples collected from the landfill with 
boreholes at 20 m depth (samples >5 kg)

France (Stoltz et al. 2010a, b) 35.8 % Fresh MSW (sample 150 kg)

California (Zekkos et al. 2010a, b) 21.1 % Samples extracted from landfill via bucket auger (samples 5–10 kg)

Texas (Hossain and Haque 2012) 15 % MSW collected from a transfer station

China (Yu-xin et al. 2013) Compacted: 5.3–22.7 % In situ landfilled MSW from boreholes

Non-compacted: 6.0–35.9 %
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Saturation, or the degree of saturation, is defined as the ratio of water volume in 
a unit volume of soil (or other media) to its porosity. Porosity is the volume of void 
spaces per unit volume of porous media and is the maximum volumetric moisture 
content that a unit volume of soil can hold. If all of the available void spaces in 
waste are filled with water, the waste would be considered saturated and its volu-
metric moisture content would be equal to its porosity.

As will be discussed in detail in Chap. 6, a common target moisture content for 
achieving enhanced waste stabilization is field capacity, which is the moisture con-
tent that a media can retain under the influence of gravity, not saturation. Any addi-
tional water above field capacity will eventually drain from the media (Bear 1979; 
Corey 1994). Field capacity is important for several design techniques involved in 
landfill liquids addition systems, and as such, a number of researchers have 
attempted to quantify this characteristic. Table 5.3 summarizes the results of several 
of these studies.

The field capacity of landfilled waste depends on various factors such as waste 
composition, waste particle size distribution, waste age, and the degree of com-
paction. Field capacity generally increases as the organic fraction (e.g., paper, 
food, and textile) in the waste stream increases (Qian et al. 2002). Vaidya (2002) 
showed that field capacity of waste increased with an increase in cellulose content 
and percentage of volatile solids. When wastes are exposed to higher levels of 
applied stress, the waste particles consolidate, resulting in increased density 
(Figs. 5.2, 5.3, and 5.4) and reduced porosity (Fig. 5.5), and in turn, reduced field 
capacity. Figure 5.6 presents wet weight field capacity (MCFC) measured at differ-
ent dry densities by Beaven (2000). Figure 5.7 presents MCFC as a function of dry 
density reported by several investigators; a best-fit line for these data is also pre-
sented in this figure.

Table 5.3 Volumetric field capacity (θFC) reported for MSW

Reference Field capacity, volumetric (Vol/Vol) Density (kg/m3)

Fungaroli (1971) 0.294–0.346 384–410

Rover and Farquhar (1973) 0.30–0.31 315–339

Wigh (1979) 0.325–0.375 391–596

Fungaroli and Steiner (1979) 0.31–0.61 299–437

Walsh and Kinman (1982) 0.32–0.40 474–480

Zeiss and Major (1993) 0.123–0.143 165–304

Zeiss and Uguccioni (1995) 0.08 141

Zeiss and Uguccioni (1997) 0.09–0.13 267–458

Zornberg et al. (1999) 0.48–0.53 878–1,184

Powrie and Beaven (1999) 0.40–0.45 320–720

Jang et al. (2002) 0.26–0.45 800–1,200

Bareither et al. (2012a) 0.35–0.48 510–714
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5.3  Moisture Movement

As liquids addition is one of the fundamental techniques for achieving enhanced 
waste stabilization, engineers rely on design approaches and tools that predict the 
movement of moisture through porous media. A detailed discussion of fluid flow 

Fig. 5.6 Field capacity (% volume) measured for processed, unprocessed and landfill excavated 
MSW as a function of dry density (Beaven 2000)

Fig. 5.7 Waste field capacity as a function of dry waste density (based on several different studies)
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fundamentals and predictive techniques is beyond the scope of this book, and the 
reader is referenced to the many excellent works on fluid flow through porous media 
(e.g., Bear 1972; Fetter 2001; Pinder and Celia 2006; Todd and Mays 2005). The 
objective of the following section is to provide sufficient background so the designer 
of sustainable landfill technologies understands the underlying physics of how 
moisture moves within a landfill and the tools that can be used in design.

5.3.1  Saturated Flow and Hydraulic Conductivity

Conditions within a landfill with high moisture levels, either from added liquids or 
inherent with waste and precipitation, will, in some places, likely be saturated. The 
designer must understand, however, that unsaturated conditions may dominate much 
of the landfill. A discussion of fluid flow fundamentals, however, will relate to most 
engineers best by first starting with a description of saturated fluid dynamics.

Darcy’s law states that the saturated flow rate through a porous media (Q) is 
proportional to the cross-sectional area of flow (A) and the hydraulic gradient 
(∂h/∂l), which in turn relates the change in potentiometric head over a unit length. 
As such, Darcy’s law for one-dimensional flow may be written as:

 
q

Q

A
K

h

l
= =-

¶
¶  

(5.9)

where Q is the total flow rate (L3/T) through a cross-sectional area A (L2); ∂h/∂l is 
the pressure gradient (unitless, potentiometric pressure head, h/path length, l); q is 
the specific discharge (L/T; also commonly referred to as the Darcy flux or Darcy 
velocity); and K is a proportionality constant called the hydraulic conductivity (L/T).

The specific discharge does not correspond to the actual velocity of the moving 
fluid. The true velocity (v) would be greater, and may be determined from specific 
discharge as follows:

 
v

q
=
h  

(5.10)

where v is the velocity (L/T) and η is the porosity (unitless).
While some landfill moisture problems may be one-dimensional (e.g., vertical 

(downward) flow as a result of gravity), many of the liquid movement scenarios that 
the engineer may wish to predict or simulate occur in multiple dimensions. Thus, 
specific discharge using Darcy’s law for all three dimensions (x, y, z) can be 
defined as:

 
q K

h

xx x=-
¶
¶  

(5.11)
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q K
h
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(5.12)
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(5.13)

where qx, qy, and qz represent the specific discharge in the x, y and z directions, and 
Kx, Ky, Kz represent the hydraulic conductivity in the x, y and z directions. As will 
be discussed later in this section, the hydraulic conductivity of landfilled waste dif-
fers depending on the direction considered (i.e., waste is anisotropic with respect to 
hydraulic conductivity).

The law of conservation of mass can be used to derive a governing equation for 
the fluid flow scenarios of interest. For example, when conserving mass around a 
three-dimensional control volume, the following equation can be written:
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where ∂(ρθ)/∂t refers to the increase in storage in the control volume, the combined 

term -
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x y z  represents net flow of the fluid into the control vol-

ume, w refers to the fluid generation rate by the control volume (e.g., gas generation 
by waste), and t is time.

There are three modes by which the fluid storage of a porous media can change. 
First, as the name suggests, a porous media possesses void spaces from which fluid 
can be stored or withdrawn. Second, porous media is compressible (i.e., undergoes 
a change in volume with a change in pressure). An increase in the fluid pressure in 
the pores causes the pores to expand and store more fluid volume. An increase in 
pore pressure results in media compression and a consequential reduction in poros-
ity. Finally, the storage can change because of the compressibility of fluid. Under 
larger pressure, fluid compresses (i.e. density increases) and occupies a smaller pore 
space volume and, as a result, more fluid mass can be stored in the same volume of 
pore space (Bear 1972, 1979). The significance of each of the three modes for fluid 
storage depends on the pressure driving fluid flow. For flow of a compressible liquid 
in compressible media (e.g., water flow in a confined aquifer system), ∂(ρθ/∂t) = ρSs 
∂(h/∂t) (Ss is the specific storage). Substituting Darcy’s equation in (5.14), this rela-
tionship for flow of compressible fluid in compressible media (assuming variation 
in ρ with respect to x, y, and z are negligible) may be further described as:

 

¶
¶

¶
¶

æ
è
ç

ö
ø
÷ +

¶
¶

¶
¶

æ

è
ç

ö

ø
÷ +

¶
¶

¶
¶

æ
è
ç

ö
ø
÷ =

¶
¶

+
x

K
h

x y
K

h

y z
K

h

z
S

h

t
wx y z s

 

(5.15)

5.3 Moisture Movement

A Bazargan
Highlight

A Bazargan
Highlight
hamsangard (isotropic) nist.

A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Callout
theta

A Bazargan
Highlight



106

With an appropriate governing equation and boundary conditions in hand, a flow 
problem can be assessed either by solving the equation analytically or numerically. 
Examples of governing equations used to solve moisture flow problems in landfills 
will be presented later.

At this point it is appropriate to discuss hydraulic conductivity of landfilled 
waste. Hydraulic conductivity is the proportionality constant that describes the rela-
tionship between the fluid flow rate and the hydraulic gradient. It may be defined as 
the specific discharge per unit hydraulic gradient in an isotropic medium and 
depends on the fluid properties and physical properties of the medium. The fluid 
properties of the liquids that affect the hydraulic conductivity are viscosity and den-
sity. The physical properties of the porous medium that affect the hydraulic conduc-
tivity are primarily pore size and shape, pore size distribution, tortuosity, specific 
surface, and porosity (Bear 1972). A summary of reported laboratory measurements 
and field measurements of saturated hydraulic conductivity of MSW are presented 
in Table 5.4 and Table 5.5, respectively.

The saturated hydraulic conductivity of solid waste depends on the density of the 
media (and thus as seen in the previous sections, the applied stress). Waste hydraulic 
conductivity is known to be reduced in deeper sections of the landfill. Figure 5.8 pres-
ents the waste hydraulic conductivity measured by Beaven (2000) as a function of dry 
density. Obscurations of deceased hydraulic conductivity of landfilled MSW will be 
highlighted in field results presented as part of subsequent chapters (Chaps. 8 and 9).

Table 5.4 Reported laboratory measurements of saturated hydraulic conductivity of MSW

Method and reference Hydraulic conductivity (cm s−1)

Constant head (Fungaroli and Steiner 1979) 10−4–10−2

Constant head (Korfiatis et al. 1984) 8 × 10−3–1.3 × 10−2

Constant head (Noble and Arnold 1991) 8.4 × 10−5–6.6 × 10−4

Falling head (Bleiker et al. 1995) 1 × 10−8–3 × 10−7

Falling head Zeiss and Major (1993) 1.35 × 10−3–1.07 × 10−5

Constant head (Chen and Chynoweth 1994) 4.7 × 10−5–9.6 × 10−2

Constant and falling head (Gabr and Valero 1995) 10−3–10−5

Constant and falling head (Zeiss and Uguccioni 1997) 1.98 × 10−6–1.05 × 10−5

Constant head (Landva et al. 1998) 2 × 10−6–2 × 10−3 (vertical)

4 × 10−5–1 × 10−3 (horizontal)

Constant head (Powrie and Beaven 1999) 3.7 × 10−6–1.5 × 10−2

Constant head (Jang et al. 2002) 2.91 × 10−4–2.95 × 10−3

Constant head (Penmethsa 2007) 1.3 × 10−3–8.8 × 10−3

Permeameter (Buchanan et al. 2001) 7.1 × 10−4–1.2 × 10−1

Permeameter (Reddy et al. 2009a, b) Shredded fresh: 2.8 × 10−3–11.8 × 10−3

Shredded landfilled: 
0.6 × 10−3–3.0 × 10−3

Constant and falling head permeameter  
(Reddy et al. 2011)

1.4 × 10−5–8.3 × 10−9

Constant and falling head permeameter  
(Hossain and Haque 2012)

2.6 × 10−3 (20 % cover soil)
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5.3.2  Unsaturated Flow

As indicated earlier, much of the moisture movement in a landfill will not be satu-
rated, and thus tools and techniques that incorporate unsaturated flow principles 
must be discussed. First, a discussion of the differences between saturated and 
unsaturated flow is warranted. While the potentiometric head (h) in saturated flow 
includes both a liquid pressure (P) and elevation (z), liquid pressure will not be posi-
tive under unsaturated flow conditions. In fact, a suction head (ψ) resulting from 
capillary forces will serve along with the elevation head as the components of 

Table 5.5 Reported field measurements of saturated hydraulic conductivity of MSW

Method and reference Hydraulic conductivity (cm s−1)

Jacob pumping test method (Ettala 1987) 5.9 × 10−3–0.25

Theis pumping test method (Oweis et al. 1990) 10−3–2.5 × 10−3

Slug test (Shank 1993) 6.7 × 10−5–9.8 × 10−4 (horizontal)

Zaslavsky wetting front (Townsend 1995) 3 × 10−6–4 × 10−6 (vertical)

Flow nets (Landva et al. 1998) 10−3–3.9 × 10−2

Slug and pumping tests (Jang et al. 2002) 9.6 × 10−4–7.1 × 10−3

Pumping test (Wysocki et al. 2003) 1.2 × 10−5–6.3 × 10−4 (horizontal)

Pumping test (Cestaro et al. 2003) 1.1 × 10−2–1.1 × 10−1

Air injection test (Jain et al. 2005b) 2.5 × 10−4–5.2 × 10−2 (horizontal)

Borehole permeameter test (Jain et al. 2006) 5.4 × 10−6–6.1 × 10−5 (horizontal)

Seepage flux and pore water pressure (Fleming 2011) 3.0 × 10−7–3.6 × 10−7

Fig. 5.8  Hydraulic conductivity measured as a function of dry density (Beaven 2000)
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potentiometric head (h = ψ + z). Also, hydraulic conductivity under unsaturated 
c onditions will not be constant. Thus, Darcy’s law for unsaturated flow (in the  
z direction) can be written as:
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Inserting this into the governing equation for Darcy’s law presented earlier, the 
equation can be written as:
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This  is commonly  referred  to as  the Richards equation. Both K and ψ vary as a 
 function of the moisture present in the unsaturated media.

Several different relationships have been developed to describe ψ and K as a 
 function of volumetric moisture content (θ). Two of the more common ones, the 
Brooks- Corey equation and the van Genuchten equation, are presented in Table 5.6. 
The retention of soil water and subsequently porous media water content in both 
equations is a function the of matric potential of the porous media. In the Brooks-
Corey model, the relationship between these two variables plots as a straight line on 
a log–log plot, with the slope of the line represented by λ (the pore size distribution 
factor).  In  the  van Genuchten model,  the  relationship  between  volumetric water 
content and the log of the matric potential yields a more complex plot that tends to 
work well for most soils. The van Genuchten equation is generally applicable to a 
larger  range  of  environmental  data,  while  the  Brooks-Corey  model  tends  to  fit 
coarse soils within a narrow pore size distribution range (high λ values); however, 
the  Brooks-Corey  equation  yields  functions  that  are  mathematically  easier  to 
manipulate (Stankovich and Lockington 1995); several authors have documented 
parameter equivalencies for moving from one framework to the other (Lehnard 
et al. 1989; Stankovich and Lockington 1995).

Unsaturated flow is a special case of simultaneous flow of two immiscible fluids 
(air and water), where the non-wetting phase (air) is assumed to be stagnant and its 
pressure is assumed to be zero everywhere in the porous media. More detailed dis-
cussion of the wetting phase, non-wetting phase and unsaturated flow can be found 
in other sources (Bear 1979; Stephens 1995) and is briefly described at the end of 
this chapter.

The Richards equation has been used in the past for predicting leachate genera-
tion from MSW landfills (Ahmed et al. 1992; Korfiatis et al. 1984; Schroeder et al. 
1994; Straub and Lynch 1982). However, the Richards equation does not account 
for changes in fluid storage in the medium due to deformation of the medium and 
compressibility of the fluid that can result from high pore fluid pressure. The fluid 
pressure in conventional dry landfills is expected to be low, thus changes in fluid 
storage due to deformation of media and compressibility of fluid realistically can be 
neglected. The fluid pressure that would be encountered in landfills where liquids 
are actively added into the waste mass will likely be high, especially in the vicinity 
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of liquids introduction devices. The change in fluid storage due to media deformation 
and fluid compressibility, therefore, might be considerable at such facilities.

Stephens (1995) proposed a modified version of the Richards equation (5.22) 
that also accounts for liquids storage due to deformation of the media and compress-
ibility of fluid. The modified equation is more appropriate for modeling the fluid 
flow as part of landfill facilities where sustainable practices such as liquids addition 
are implemented. McCreanor (1998) and Jain et al. (2005a, b) used (5.22) for simu-
lating fluid flow from liquids introduction systems in bioreactor landfills:
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where β is a constant equal to 1 when p ≥ 0 and 0 when p < 0.

Table 5.6  Comparison Brooks-Corey and van Genuchten parameter relationships
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5.3.3  Predicting Moisture Movement

Once a governing equation for moisture flow has been established, it can be solved 
for the resultant moisture movement for specific scenarios of interest and associated 
boundary conditions. While analytical solutions to some problems may be avail-
able, in most cases, complex problems require the use of a numerical flow model. 
Table 5.7 summarizes several fluid flow modeling studies related to landfills and 
their application. The remainder of this section focuses on two specific, commonly 
used  models:  the  Hydrologic  Evaluation  of  Landfill  Performance  (HELP)  and 
SEEP/W. SEEP/W is focused upon because much of the work presented elsewhere 
in this book was developed using this program; similar software packages are 
expected to yield comparable results.

SEEP/W, a commercial program from Geo-Slope International (Alberta, Canada), 
has been used to numerically simulate subsurface liquids addition. SEEP/W is a 
finite element model and numerically solves the Richards equation for saturated and 
unsaturated water flow. The model has been used to analyze groundwater seepage 
and excess pore-water pressure dissipation problems within porous media (Jain et al. 
2010a, b). SEEP/W can model various material types and boundary conditions such 
as unsaturated soils, different injection pressures, groundwater seepage, and excess 
pore-water pressure dissipation problems within porous media (Hughes and Sanford 
2004). The governing differential equation used in SEEP/W is as follows:
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Where H is the total head (L); Kx and Ky are the hydraulic conductivities in hori-
zontal and vertical directions, respectively (L T−1); Q is liquid flux (L3 T−1); θ is 
the volumetric water content; and t is time (T). The van Genuchten function for 
soil-water characteristic curves and the van Genuchten-Mualem function for the 
calculation of relative permeability are one option in SEEP/W and were used for 
the simulations presented in this book. Additional details on SEEP/W can be 
found in Krahn (2007).

The HELP model is a computerized water-budget program for landfills that the 
US Army Corps of Engineers developed for the United States Environmental 
Protection Agency  (USEPA). The HELP model  is  the predominant  tool used by 
engineers in North America to estimate the leachate production rate from lined 
landfills as a function of weather data (precipitation, evapotranspiration, wind, and 
temperature) and landfill design and operating parameters (daily cover, area etc.). 
HELP  is  a  quasi-two-dimensional model  that  simulates  one-dimensional  flow  in 
cover soil and waste layers and two-dimensional flow in the drainage layer 
(Schroeder et al. 1994). HELP serves as a tool for the rapid modeling a landfill’s 
water balance and uses a mixture of empirical and numerical modeling to estimate 
moisture inputs, moisture retention, and moisture transport into, within, and out of 
a landfill. Most state landfill permitting agencies in the US require that the HELP 
model be performed as part of a landfill permit application.
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Table 5.7 Moisture flow models used to simulate specific landfill scenarios

Study Model Application

McCreanor and Reinhart 
(1996, 2000)

SUTRA—USGS unsaturated and saturated  
flow model with capabilities for density  
variation as well as solute and energy  
transport modeling

SUTRA was used to model leachate distribution around vertical and 
horizontal leachate recirculation devices for a range of liquids addition 
rates, waste and cover permeability, waste anisotropy, waste  
heterogeneity, and dosing frequency

Beaven (2000) MODFLOW—USGS, 3-D groundwater flow  
model, used for simulating steady state and  
transient flow

MODFLOW was used to model infiltration into landfill with  
hydraulic conductivity varied as a function of effective stress

Oldenburg (2001), Kling and  
Korkealaakso (2006)

TOUGH(2)—Transport of unsaturated  
groundwater and heat-landfill gas migration

TOUGH(2) incorporates gas/liquid partitioning and was applied to a 
bioreactor landfill with a module devoted to bioreactor option (T2LBM) 
which uses a Monod kinetic rate for biodegradation (acetic acid used  
as a proxy for degradable waste) either by aerobic or anaerobic means 
(Oldenburg 2001). Kling and Korkealaakso used the model to plan a 
bioreactor monitoring system (sensors and located in Finland)

Bachus et al. (2002) VS2DI—a finite difference model that  
simulates liquid flow and solute or energy  
transport in saturated- unsaturated  
porous media

Bachus et al. (2002) used VS2DI to simulate the liquid flow from 
horizontal trenches in a homogenous and isotropic media to estimate 
lateral and vertical extents of the zone of impact as a function  
of injection pressure for intermittent system operation

Haydar and Khire (2007), Khire and  
Mukherjee (2007), Haydar and Khire  
(2007), Khire and Kaushik (2012)

HYDRUS—A finite element model for  
simulating the two-dimensional movement  
of water, heat, and multiple solutes  
in variably saturated media. The model  
includes a parameter optimization  
algorithm for inverse estimation of a  
variety of soil hydraulic and/or solute  
transport parameters

Khire and Haydar (2005) numerically modeled steady-state fluid flow from 
horizontal trenches as a function of injection pressures, trench geometry 
and size, hydraulic conductivity of the trench backfill, and horizontal and 
vertical trench spacing for isotropic waste. Khire and Mukherjee (2007) 
simulated the impact of the leachate injection rate on the steady-state 
injection pressure, lateral extent of moisture movement, and head on the 
bottom liner for isotropic waste. The impact of well radius, well depth,  
and screen length, and dosing frequency were also investigated

Jain et al. (2010a, b) SEEP/W simulates liquid flow in saturated  
and unsaturated porous media using a  
combination of finite element and finite  
difference methods

Jain et al. (2010a, b) used SEEP/W for modeling liquids distribution 
around horizontal and vertical sources for a range of injection pressure, 
waste permeability and anisotropy, and source dimensions. The modeling 
results were used to develop generalized design charts to estimate flow 
rate, lateral and vertical extents of the zone of impact as a function of 
injection pressure and the added liquids volume
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In HELP, the landfill’s vertical cross section is defined in the soil properties input 
file as layers, classified in one of the four predefined types in the model (Fig. 5.9). 
The layer types identified by the model are vertical percolation, lateral drainage, 
barrier soil, and geomembranes. The user has the option to specify the initial mois-
ture of different layers or use model default values for the initial moisture content 
for each layer based on the wilting point, field capacity, and total porosity for each 
layer of material. In the HELP model, surface water runoff is forecasted using the 
US Soil Conservation Service’s curve number method, infiltration, evapotranspira-
tion, and percolation are simulated using the Darcy equation adapted for unsatu-
rated  conditions.  Lateral  drainage  is  determined  using  the  Boussinesq  equation 
adapted for landfill conditions. Liner leakage is estimated using Darcy’s equation 
for saturated conditions. Evapotranspiration is modeled by a plant growth and decay 
model for perennial and annual crops. Vertical flow is modeled in the vertical direction 

Fig. 5.9  Definition sketch of the HELP model
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with the gravitational and hydrostatic potentials considered as driving forces. While 
nowhere near as powerful for simulating liquids flow in landfills as the numerical 
software packages described in Table 5.7, HELP does provide several opportunities 
for the designer to incorporate liquids addition (Xu et al. 2012), and these will be 
discussed in detail in Chap. 10.

5.3.4  Dominant Factors Controlling Leachate Flow

Future chapters illustrate the application and output of fluid flow models as part of 
the landfill design process. A number of operating conditions (added flow rates, 
pressures) and landfill properties (initial moisture content, hydraulic conductivity) 
must be defined as part of the specific application simulated. In this section, exam-
ple results from several simulations of liquids addition into landfills (using SEEP/W 
model runs for horizontal trenches, vertical wells, and horizontal blankets) are pre-
sented to provide the reader with sense of the expected influence of several major 
inputs. Figure 5.10 depicts the saturated zone that may result under steady-state 
conditions to illustrate how moisture distribution progresses under steady-state con-
ditions in a landfill, depending on the liquids addition devices. Transient zones are 
also depicted, displaying the manner in which moisture movement progresses to 
steady-state conditions.

Waste hydraulic conductivity has a significant impact on moisture distribution in 
a landfill. Figure 5.11 shows the results of simulations where liquids are added to 
waste with different hydraulic conductivities (1 × 10−4 cm s−1, 1 × 10−5 cm s−1, 
1 × 10−6 cm s−1) and compares the saturated zones formed. Liquids are added into 
waste through devices under a constant pressure and the waste is assumed to be 
isotropic (i.e., anisotropy is equal to 1). Under the same injection pressure, the 
higher the waste conductivity is, the larger the wetted zone will be. Due to the 
assumed isotropic property of waste, the saturated zone formed by a horizontal 
injection trench is initially a circle with the center at the location of the injection 
pipe. Once it reaches the steady state, its lateral spread will remain constant, and the 
wetted zone will only expand vertically downward by gravity. If a constant flow rate 
is used, as opposed to a constant injection pressure, the saturated zone formed by 
the liquid addition will be essentially the same because the total amount of added 
liquids is the same. However, to achieve the same flow rate, a higher injection pres-
sure is required for the waste with low hydraulic conductivity.

Figure 5.12 illustrates the effect of waste anisotropy (Kx/Kz) moisture distribu-
tion under a constant injection pressure. The waste was simulated with the same 
vertical hydraulic conductivity, 1 × 10−5 cm s−1, but with different anisotropy, rang-
ing from 1 to 100. The waste with high anisotropy has a larger lateral expansion 
because of a higher lateral hydraulic conductivity (Kx). Under the same injection 
pressure, the saturated zone formed in highly anisotropic waste is larger than that 
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for a waste with low anisotropy. With the same vertical hydraulic conductivity, 
higher anisotropy means higher lateral hydraulic conductivity, which results in 
larger lateral liquid distribution. When the vertical hydraulic conductivity is the 
same, the liquid has the same vertical distribution as horizontal.

Fig. 5.10 Illustration of two transient zones as well as the saturated zone under steady state condi-
tions for: (a) horizontal trench; (b) horizontal blanket; and (c) vertical well
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Fig. 5.11 The effect of hydraulic conductivity on liquids distribution: (a) vertical well; (b) hori-
zontal trench; (c) infiltration gallery

The hydraulic conductivity of waste may change with depth. Waste deeper in the 
landfill has been further degraded and compacted than waste near the surface. 
Therefore, it is reasonable to assume that the hydraulic conductivity of waste 
decreases with depth, impacting the distribution of liquids in the subsurface. 
Figure 5.13 shows a vertical well, a horizontal trench, and a horizontal gallery in 
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two scenarios. The first shows the distribution of liquids assuming that hydraulic 
conductivity is constant. The second shows hydraulic conductivity decreasing from 
10−5 to 10−6 cm s−1. A decreasing hydraulic conductivity as a function of depth 
results in more lateral movement as the moisture moves deeper into the landfill.

Fig. 5.12 The effect of waste anisotropy on liquids distribution: (a) vertical well; (b) horizontal 
trench; (c) infiltration gallery
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5.4  Gas and Air Movement

In Chap. 2, the fundamental biological reactions occurring in MSW landfills were 
reviewed, and the primary mass loss mechanisms—the conversion of solid organic 
matter to gases CH4 and CO2—were described. Design issues regarding landfill gas 
and its role in sustainable technologies for waste management will be discussed in 
detail in Chap. 13. Presented briefly here are some basic gas production and 
dynamic concepts.

Fig. 5.13 The effect of hydraulic conductivity decreasing with depth on liquids distribution:  
(a) vertical well; (b) horizontal trench; (c) infiltration gallery

5.4  Gas and Air Movement
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5.4.1  Production of Landfill Gas

The typical practice of landfill gas production estimation assumes that average dis-
posed mass of waste has some associated gas production potential. This production 
potential may be explained in terms of total gas produced (CH4 and CO2), or often 
simply in terms of CH4. Thus, the total volume of CH4 produced from a given mass 
of waste may be written as:

 
V L MCH o waste4

=
 

(5.20)

Where VCH4
 is the volume of methane (m3), Mwaste is the mass of waste (Mg), and Lo 

is the CH4 generation potential (m3 CH4 per Mg waste). As CH4 is usually approxi-
mately 50 % of the volume of total landfill gas for the majority of a landfill’s active 
and post-closure lifetime, a common expression for total potential gas production 
(VGAS) is:

 V L MGAS o waste= 2  (5.21)

Lo can be measured using chemical assays or reactor testing, although the potential 
based on laboratory studies may be larger than that occurring under true landfill 
conditions, and even estimates based on large-scale operating facility data can result 
in poor estimation of Lo.

The realization of gas production depends on many factors, notably moisture 
content, hence the reliance on liquid addition for waste stabilization as described 
already. Most engineers predict gas production evolution over time by assuming 
basic reaction kinetics, with a first-order kinetic relationship being the most com-
mon approach. Thus, a common expression to predict landfill gas production rate 
over time is:

 
G L k M eo waste

kt= ( )-2
 

(5.22)

where G  is gas production rate (m3/year) and k is the first-order decay rate coeffi-
cient (year−1). The use of this relationship for design and prediction, especially as 
related to landfills practicing liquids addition to increase waste decomposition rates, 
will be discussed in Chap. 13.

5.4.2  Gas Movement in Landfill Waste

When gas is produced in the confined pore spaces of the landfilled waste mass, gas 
pressures increase. Similarly, when air is added to a landfill under pressure, gas 
pressure in the waste pore space increase. Gas will move in the landfill in response 
to the resulting pressure gradient (gas will migrate from high pressure zones within 
the landfill toward lower pressure zone such as a gas wells or the landfill surface), 
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and a concentration gradient (high gas constituent concentration inside the landfill 
compared to low concentrations in the surrounding atmosphere). In a similar man-
ner as previously discussed for moisture movement in the landfill, gas movement 
within the landfill can be simulated by using an appropriate governing equation.

Important to developing such a governing equation, however, is the fundamental 
relationship between gas pressure and flow through a porous media. In the earlier 
presentation of Darcy’s law for moisture movement, hydraulic conductivity was 
used, but this relates to water movement through a porous media. Permeability is a 
property of the media itself and is independent of the fluid being transmitted. 
Equation (5.23) provides for the relationship between hydraulic conductivity and 
porous media permeability.

 
K

k g
=

r
m  

(5.23)

where: K is hydraulic conductivity (L T−1), k is the media permeability (L2), ρ is the 
fluid density (M L−3), g is acceleration due to gravity (L T−2), and μ is the dynamic 
liquid viscosity. Several researchers have presented MSW air permeability data 
measured from laboratory (Stoltz et al. 2010a, b; Druilhe et al. 2013) and field 
(Cestaro et al. 2003; Jain et al. 2005a, b; Wu et al. 2012) experiments; MSW air 
permeability has been reported to range from 10−10 to 10−13 m2 in pump tests at full- 
scale landfills.

Using the fundamental relationship of Darcy’s law with permeability instead of 
hydraulic conductivity, the law of conservation of mass can be used to derive an 
appropriate governing equation. As an example, Hashemi et al. (2002) developed 
the following governing equation for gas flow in a landfill:
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Where Dejm is the effective diffusivity of gas j in the pore space (m2/year), ρj is the 
mass concentration of the jth component of the gas mixture (kg/m3), αj is the gas 
generation rate of the gaseous species j, Vx, Vy and Vz is the flow velocity in the x, 
y, and z direction, respectively. In this approach, the convective-diffusion governing 
equation was derived assuming no sudden changes in pumping rates, temperature 
and barometric pressure, and with the landfill as a rectangular cell.

A number of researchers have developed governing equations and developed 
solutions to address specific design or operational questions. For example, Tinet and 
Oxarango (2010) conducted an analysis examining LFG flow to a given collection 
device that accounted for waste settlement and resultant impacts to the hydraulic 
properties of the waste. Townsend et al. (2005) utilized the governing equation to 
develop an analytical solution for the distribution of pressures within a landfill as a 
function of pressures at the base (the LCRS) and the surface of the landfill as 
 presented in (5.25).
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Where θg is the gas constant of the media (i.e., waste) (unitless, volume of gas 
per volume of bulk material), p is gas pressure (ML−1 T−2), T is absolute tempera-
ture, R is the gas constant for landfill gas (L2T−2 K−1), kz is the vertical intrinsic 
permeability of the waste (L2), μ is the dynamic fluid viscosity (ML−3 T−1), and M is 
the gas generation rate (ML−3 T−1). The equation considers partial gas pressures as 
well as Darcy’s law for the gas phase. Because the horizontal extents of waste layers 
within a landfill are much greater than the vertical extents, the vertical profile is the 
only considered direction for variation in pressure distribution. Figure 5.14 illus-
trates a potential outcome of the solution developed; the pressure profiles within the 
landfill are presented for conditions when all of the gas exits through the surface 
(no flow boundary at the base), all of the gas is collected through the LCRS (no flow 
boundary at the top) and when pressures are equal at the base and surface.

5.5  Solids Movement

5.5.1  Waste Settlement

The transformation of solid components in the waste to gaseous products through 
stabilization results in a net loss of mass from the landfill. This mass loss trans-
lates to a loss in landfill volume, and thus a decrease in the height of the landfill. 

Fig. 5.14 Landfill gas pressure distribution within a landfill with different boundary conditions 
(Townsend et al. 2005)
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The observation of landfill settlement in traditional landfills is well documented 
(El-Fadel and Khoury 2000) and these settlement mechanisms are expected to be 
enhanced at landfill sites practicing sustainable landfill technologies. As described 
in Chaps. 1 and 2, promoting rapid waste settlement is a primary goal of sustain-
able operation either for reclaiming landfill space for additional filling or for 
returning the site to a more stable condition as quickly as possible.

Multiple processes contribute to landfill settlement. As waste is placed, it is at first 
subjected to mechanical pressures from compaction equipment, and then as more 
waste is placed, it is subject to the added pressure resulting from added overburden 
stress. Settlement results as an immediate response to added pressure, and long-term 
change of waste  and  soil  configuration  as materials  bunch or  unravel. Biological 
decomposition results in mass loss, but this may not immediately translate to volume 
loss. The degraded waste structure will settle with time as it responds to mechanized 
stress, and the liquid and gas occupying the pore space of the waste matrix will 
inhibit volume loss while pressure dissipates. Settlement analysis is particularly 
critical for sustainable landfills because of the greater and more rapid degree of 
waste decomposition expected. A typical approach to predict settlement of the waste 
itself involves using principles commonly employed in soil mechanics. Identifying 
appropriate parameters to use in waste settlement analyses is complicated by the 
heterogeneous nature of MSW and other factors such as compaction effort and waste 
composition (which are critical and site-specific). Typically, surface settlement is 
considered to be the sum of primary settlement (which occurs shortly after waste 
materials are placed) and secondary settlement (which occurs over the long term).

In primary settlement analysis, the total anticipated waste thickness (which is 
often based on the permitted design elevations) is broken up into multiple layers and 
the settlement of each layer is calculated and summed. Values used in the primary 
settlement calculation include site-specific dimensions (e.g., the selected waste 
layer thickness) and literature-reported values related to the compression of waste 
materials. In secondary settlement analysis, the designer likewise selects parameters 
specific to the waste material and literature-reported values associated with com-
pression along with a time horizon of interest to examine the settlement behavior. 
Finally, the designer chooses two or more points on the landfill surface and calcu-
lates the waste settlement beneath each point—the settlement beneath each point is 
the sum of the primary and secondary settlement.

A variety of approaches or equations have been developed to predict waste settle-
ment as presented in Table 5.8. Some rely on classic soil mechanics settlement esti-
mation methods, while others attempt to incorporate the phases of the landfill 
environment where waste settles in response to mass loss from decomposition. 
Table 5.8 presents a summary of some of the analytical methods developed where a 
settlement estimate may be calculated using an equation.

Many of the recently developed settlement prediction methods apply analytical 
or numerical solutions to a governing equation based on conserving mass through 
the waste decomposition process (Liu et al. 2006; Durmusoglu et al. 2005; Chen 
et al. 2012; McDougall 2007). For example, Hettiarachchi et al. (2007) developed a 
method to determine bioreactor landfill settlement as a result of organic degradation 
and mechanical compression under the assumptions that waste remains at field 
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Table 5.8 Summary of landfill settlement models and associated equations and key parameters

Model description, application, and reference Equation and parameters

One-dimensional Consolidation Model

This model was developed for soils which undergo 
consolidation settlement (Terzaghi and Peck 1967) d
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5. Consolidation time lag is due to 
low soil permeability

Log-time Extension Model
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raveling, decomposition, and physico-chemical 
reactions. Given that these parameters tend to be 
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significant correlation to long term settlement 
(Yen and Scanlon 1975; Sowers 1973)
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Gibson-Lo Model

One-dimensional consolidation model which 
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capacity and that settlement is due to the compression of void space from overlying 
waste. The governing equation formulated coupled settlement to landfill gas pres-
sure as follows:
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Where p is gauge pressure, Patm is atmospheric pressure, R is the universal gas con-
stant (J mol−1 K−1), T is temperature (K), Z is waste height (m), kg is the landfill 
unsaturated gas conductivity (m day−1), D is the diffusion coefficient (m3 day−1),  
m is the molar mass of the landfill gas (kg mol−1), G is the rate of generation of gas 
per unit volume of waste (kg m−3 day−1), t is the time (day).

5.5.2  Landfill Movement

Shear strength properties of MSW are important in the landfill system as these 
properties play a key role in an engineering evaluation of the stability of the waste 
mass at the design stage (see Chap. 12 for a detailed discussion of the application 
of shear strength to slope stability analysis in sustainable landfill design). The 
shear strength properties of soils and MSW are evaluated since the landfill system 
includes components such as the final cover system, the waste itself, and the bot-
tom liner system. In contrast to most soils, MSW is heterogeneous which can make 
the selection of a single set of key variables that impact shear strength difficult 
(e.g., cohesion (c) which is the non-frictional part of shear resistance and is inde-
pendent of normal stress, and internal friction angle (φ), which is the angle on the 
Mohr’s Circle of the shear stress and normal effective stress at which shear failure 
occurs). Not only does the heterogeneity of the waste itself complicate parameter 
selection, but other factors such as the amount and type of cover soil used in opera-
tions, moisture content of the waste, decomposition effects, and waste placement 
methods also create difficulties for the designer in selecting a defensible set of 
values to examine shear strength.

With both c and φ, the designer has the flexibility to choose parameter values 
based on engineering judgment—the design may incorporate the use of both values, 
although sometimes c is disregarded for a more conservative analysis (see discussion 
by Thiel (2009) for more information on interpreting direct shear testing data). MSW 
shear strength can be measured using standard measurement tests such as direct 
shear—in some cases, specialized equipment may be used for direct shear testing to 
accommodate the large particle size that will be encountered in MSW. Several inves-
tigators have conducted experiments and testing to estimate these factors, which 
could serve as a basis for parameter selection. In addition, several authors have 
reviewed literature pertaining to cohesion and friction angles for MSW (Dixon and 
Jones 2005; Zekkos 2005; Gabr et al. 2007). In general, MSW has a reported cohesion 
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range from 0 to 50 kPa and a typical friction angle ranging from 20° to 35°. Table 5.9 
summarizes reported values for c and φ from the technical literature. Figure 5.15 
graphically presents the result of many of the shear tests conducted on MSW; the 
cohesion is presented as a function of the internal angle of friction.

Table 5.9 Reported values of MSW cohesion (c) and internal friction angle (φ)

Study summary and reference Cohesion
Internal friction 
angle (φ)

Geotechnical testing on aged solid  
waste removed from a landfill which  
began accepting waste in 1940 in 
Pennsylvania (US). Strength  
parameters evaluated at 20 % strain  
level (Gabr and Valero 1995;  
Kavazanjian et al. 1995)

Under consolidated,  
undrained conditions

Under consolidated, 
undrained conditions

Effective strength:  
16.8 kPa

Effective strength: 
34°

Cohesion remained  
relatively constant with  
changing horizontal  
displacement

Increased with 
increasing 
displacement

24 kPa 0–3°

Samples were collected from two  
landfill sites in the US (Kentucky and  
New York), shredded, and processed  
(Harris et al. 2006)

KY Landfill: 11.6 kPa KY Landfill: 23.5°

NY Landfill: 9.3 kPa NY Landfill: 28°

Landfilled samples extracted via  
borehole every 1 m depth from a landfill  
closed in 1985 (Al-Yaqout et al. 2007)

Effective strength: 
7.43–35 kPa

Effective strength: 
26.7–50° (mean 
33.4°)

Large scale direct shear testing  
(30 cm × 30 cm) of MSW collected from  
a San Francisco Landfill (US), 109 shear  
strength tests were performed (Zekkos  
et al. 2010a, b)

15 kPa (low moisture  
content MSW)

36° (at 1 atm normal 
stress, low moisture 
MSW)

Synthetic MSW was examined for  
geotechnical properties. Leachate  
recirculation, which causes enhanced  
waste degradation, was performed  
(Reddy et al. 2011)

1 kPa (fresh MSW) 35° (fresh MSW)

16 kPa (anaerobic acid) 34°

18 kPa (accelerated CH4) 29°

34 kPa (decelerated CH4) 29°

40 kPa (CH4 stabilized) 28° (CH4 stabilized)

Under consolidated, 
undrained conditions

Under consolidated, 
undrained 
conditions:

Total strength: 21–57 kPa Total strength: 1–9°

Effective strength: 
18–56 kPa

Effective strength: 
1–11°

Geotechnical testing on fresh and  
aged solid waste from a long-running  
bioreactor experiment was performed  
(Bareither et al. 2012b)

Waste extracted from a  
bioreactor experiment:

Waste extracted 
from a bioreactor 
experiment:

  22.3 kPa (Initial 
condition)

  40.0° (Initial 
condition)

  21.7 kPa (aged 2.9 year)   42.6° (aged 
2.9 year)

Transfer station MSW:  
8.9 kPa

Transfer station 
MSW: 31.5°

5 Landfill Constituent Relationships and Dynamics
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Food waste has been suspected of contributing to lower MSW friction angles, 
which is a critical design consideration in areas with comparatively less packag-
ing wastes in the discard stream (e.g., developing countries, many Asian coun-
tries). Cho et al. (2011) examined this relationship in both a small- and large-scale 
direct shear apparatus. Figure 5.16 presents the results of this experiment.  
At lower food waste contents typical of MSW in the western part of the world, the 

Fig. 5.15 Ranges of measured waste cohesion and internal friction angle reported from the literature

Fig. 5.16 Internal friction angle as a function of food waste content measured using a direct shear 
test (from Cho et al. 2011)

5.5 Solids Movement
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friction angle was similar to those values presented in Table 5.9 (between 30° and 
40°). However, at a food waste content of 40 % (by weight), more reflective of wet 
landfills of Asian countries and developing nations, the internal angle of friction 
was shown to decline markedly.

5.6  Multiphase Dynamics

In reality, fluid flow in a MSW landfill is a multiphase phenomenon, and the predic-
tion of moisture and gas movement using the techniques described so far can be 
seen as approximations. One approach to better simulate the combined interaction 
of moisture and fluid with respect to the dynamics of these constituents is to develop 
separate governing equations for each phase, and to relate them with characteristics 
that scale existing properties (e.g., permeability) to the relative amount of each 
phase present. For example, the flow of moisture movement could be described by 
the following governing equation:
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While the flow of gas could be described by a separate and distinct governing 
equation:
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Where krl is relative permeability, kx, y, z is permeability in the respective directions, 
pl is liquid pressure, pg is gas pressure, η is porosity, Sl is the degree of saturation for 
liquid phase, Sg is the degree of saturation in the gas phase, Mg is gas generation 
rate per unit waste volume (kg m−3 s−1), wg is the molecular weight of the gas, μl is 
liquid viscosity, μg is gas viscosity. Equations (5.27) and (5.28), along with (5.29)–
(5.33) (Corey 1994), using appropriate boundary conditions, should be solved 
simultaneously to simulate gas and liquid flow in solid waste:
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This approach has been attempted for MSW landfill systems by several research-
ers (Berglund 1998; Nastev et al. 2001) to meet specific design or research objec-
tives. Future research should continue such efforts with respect to better 
understanding and developing tools for sustainable landfill practices.
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Chapter 6
Moisture Supply and Conveyance

Abstract The most commonly-deployed aspect of sustainable landfilling tech-
nologies is the deliberate addition of moisture to the waste mass to promote rapid 
stabilization. There are numerous potential liquid sources available to the operator, 
so this chapter presents a variety of options that could be used as a stand-alone 
option or in combination. In addition to liquid sources, moisture addition targets—a 
critical design and planning decision for every site that is using or wants to use sus-
tainable landfilling technologies—are also discussed. The chapter ends with a dis-
cussion of different liquid conveyance systems and the addition of wet wastes to 
achieve moisture addition goals.

Keywords  Landfill • Leachate • Bioreactor • Recirculation • Moisture Addition • 
Field Capacity • Biosolids

6.1  Designing for Moisture Addition

As  conveyed  in  earlier  chapters,  one  of  the  primary methodologies  employed  to 
operate a landfill more sustainably is promotion of rapid waste stabilization by 
increasing landfill moisture content. The designer and operator of landfills imple-
menting this practice can utilize several different techniques to introduce and distrib-
ute additional moisture into the landfill. Presented in future chapters are detailed 
construction and operation considerations, along with design methodologies, for 
surface systems (Chap. 7), buried vertical systems (Chap. 8), and buried horizontal 
systems (Chap. 9). Pertaining to these detailed operation and design considerations, 
however, are several planning and engineering steps that must be completed to 
address fundamental issues of how the addition of liquids and wet wastes will be 
managed. Considerations include: what sources of moisture should be used, how 
much moisture addition to target, both in total and the rate of addition (i.e., over 
what time will addition occur), how to convey the liquids or wet wastes to the land-
fill, and how to control the addition process to meet desired objectives for moisture 
distribution and liquids containment within the landfill unit. This chapter discusses 
fundamental issues including the sources of supplemental moisture, target moisture 
addition volumes, and methods for conveying liquids or wet wastes to the landfill.

http://dx.doi.org/10.1007/978-1-4939-2662-6_7
http://dx.doi.org/10.1007/978-1-4939-2662-6_8
http://dx.doi.org/10.1007/978-1-4939-2662-6_9
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6.2  Moisture Sources

6.2.1  Options for Moisture Sources

Moisture levels can be enhanced through the addition of either liquids or wet wastes 
(e.g., sludges). The most common source of supplemental moisture deliberately 
added to landfilled waste is leachate collected from the same (or perhaps adjacent) 
landfill unit. Leachate recirculation has been practiced as a means of enhanced 
waste stabilization and for basic liquids management. However, in some cases, the 
target moisture addition requirements specified by the engineer as well as the avail-
able leachate volumes for recirculation necessitate other sources of moisture to 
achieve project objectives. These additional moisture sources may be storm water 
purposefully retained after rain events or surface water or groundwater extracted 
from outside the landfill. In other cases, the moisture sources are waste products 
themselves (e.g., industrial wastewater, septage, wastewater sludges), and in this 
case the landfill operator is presented with an opportunity to collect revenue for the 
disposal of the waste liquids or wet wastes in addition to providing a needed source 
of moisture to the landfill itself.

The choice of an additional moisture source will depend on several factors: 
availability; difficulty and cost associated with capturing, extracting, or obtain-
ing the source; and limitations imposed by applicable regulations. With regard to 
regulatory requirements, planners and engineers must consult the appropriate 
regulations and regulatory agencies. In the U.S., for example, federal MSW land-
fill regulations permit the addition of leachate and landfill gas condensate back to 
the landfilled waste (US government 2012). As described in Chap. 3, however, 
the addition of bulk liquid wastes is prohibited unless special permission is 
granted. A solid waste that fails  the paint filter  test  is considered a bulk liquid 
waste. In the case of domestic wastewater sludge (e.g., municipal biosolids), for 
example, the moisture content must be less than approximately 80–85 % (by 
weight) to pass the paint filter test. The subsequent sections provide more detailed 
discussion on the following potential supplemental moisture sources: leachate, 
water, wastewater, spent aqueous products, and wet wastes.

6.2.2  Leachate

Much  of  the  early  work  on  the  subject  of  wet  landfills  involved  examining  the 
effects of leachate recirculation on leachate quality (Pohland 1980). Today, leachate 
recirculation is commonly practiced both by landfill operators targeting enhanced 
waste stabilization and when a lower cost method of managing leachate is sought. 
Most leachate recirculation systems involve constructing a pumping system to con-
vey leachate from storage units (tanks, ponds) to the liquids addition devices within 
the landfill. Another option sometimes practiced is to utilize the landfill’s existing 
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pumping  system  (as  part  of  the  LCRS)  to  convey  leachate  back  to  the  landfill. 
Liquids conveyance strategies are discussed in further detail later in this chapter.

Depending on site-specific design and operation features, the chemical quality of 
the leachate recirculated may differ from that emanating at the base of the landfill. 
Storage ponds and tanks may be equipped with aeration systems to help control 
odors and achieve some rudimentary treatment (Fig. 6.1). The leachate recirculated 
in this case may be somewhat lower in organic content (BOD), ammonia, and met-
als that precipitate under oxidation (e.g., iron). Leachate at uncovered ponds or 
tanks may also become diluted as a result of large rain events, or concentrated in 
areas where evaporation is greater than rainfall.

Leachate treated in a more rigorous manner—as part of a treatment plant, for 
example—may in some cases also be recirculated to the landfill, although a benefit 
of leachate recirculation is reduction of some of the landfill constituents to mini-
mize external treatment requirements (e.g., BOD). As will be described in greater 
depth in Chap. 11, landfill operators may opt to deliberately treat leachate prior to 
recirculation to meet specific facility objectives. For example, leachate nitrification 
transforms much of the ammonia-nitrogen (NH3/NH4

+) to nitrate-nitrogen (NO3
−), 

which, when recirculated back to the landfill, may undergo denitrification to nitro-
gen gas (N2) (Berge et al. 2005). Advanced oxidation processes have the potential to 
convert organic matter otherwise recalcitrant to decomposition to a more biodegrad-
able  form  (Batarseh  et  al. 2010). Treatment techniques such as reverse osmosis, 
ultrafiltration, and evaporation can be used to dewater leachate (i.e., concentrate the 
leachate by removing relatively clean water) prior to return to the landfill.

Fig. 6.1 Leachate storage and aeration pond equipped with a pump for recirculating leachate to 
the landfill
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6.2.3  Stormwater and Groundwater

As will be  illustrated  in  the next  section, designers often  target  the addition of 
sufficient liquids to the landfill to reach the waste’s field capacity. Even in wet cli-
mates, the amount of leachate generated (especially when good stormwater man-
agement practices are employed) is often insufficient to reach this target. Thus, 
outside water sources are sometimes added, such as stormwater, surface water, or 
groundwater. Regulatory allowance of water addition will be a major controlling 
factor in the implementation of this procedure, as some regulatory agencies do not 
permit the addition of water. As stated earlier, US regulations allow leachate recir-
culation, but prohibit the addition of bulk liquid wastes (US government 2012). The 
allowance of water addition, however, has been interpreted differently among US 
states. Since clean water is not a liquid waste, some regulators allow water addition, 
while others argue that the intent of the bulk liquids waste prohibition is to minimize 
moisture entry into the landfill and thus this practice is not permitted.

Groundwater and surface water addition has been practiced at several sites in 
the US (Yazdani et al. 2010; Ko et al. 2013) to meet target moisture content. These 
operators normally utilize separate pumping systems to deliver water to a leachate 
storage tank or pond where it is mixed with leachate prior to addition to the land-
fill (Fig. 6.2). Landfill operators have the ability to retain rainfall depending on 
stormwater management practices; this is described in more detail in Chap. 11. 
Regulatory  operating  requirements  for  landfills,  however,  typically  limit  the 

Fig. 6.2 Groundwater well used for extracting fresh water to mix with leachate before recirculat-
ing to a landfill
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p resence of  standing water on the landfill surface, so purposefully retained storm-
water must be managed in a manner that does not compromise site operating 
requirements or permit conditions.

6.2.4  Wastewater and Spent Aqueous Products

Some landfill operators have pursued the disposal of industrial wastewaters or other 
spent  aqueous  products. At  the Outer  Loop  landfill  (see Chap. 4), for example, 
operators disposed of beverage waste, oily wastewater, paint waste, ink water, and 
other industrial wastewaters (US EPA 2006). Such liquid wastes would otherwise 
require treatment and disposal at a domestic or industrial wastewater treatment 
facility, often at considerable expense. By accepting such wastes for disposal, land-
fill operators can provide supplemental moisture while adding a revenue source. As 
stated previously the operator may need to obtain special regulatory permission, as 
this practice could be restricted under normal circumstances.

Industrial wastewater or spent aqueous products would typically be hauled 
directly to the landfill in a tanker truck and discharged to a designated disposal area. 
Surface application techniques such as those described in Chap. 7 would be most 
common. Concerns discussed in this chapter and others regarding proper leachate 
containment will be magnified when outside liquids are disposed. While subsurface 
techniques such as those described in Chaps. 8 and 9 might be feasible if appropri-
ate liquids unloading and conveyance infrastructure is available, the operator should 
be cautious when adding liquids with high solids content that might clog or other-
wise limit future liquids addition.

Tolaymat et al. (2004) reviewed the factors that should be considered prior to 
addition of industrial wastewater or similar liquid wastes. For example, liquid pH 
and its impact on microbial activity should be assessed. Extremes in pH, particu-
larly low pH, might require neutralization prior to disposal. Tolaymat et al. (2004) 
suggested conducting limited field tests to determine the ability of the waste to buf-
fer added liquid and to distribute the liquids over large areas to limit possible harm-
ful effects.

Elevated concentrations of chemical constituents  (salts, heavy metals, organic 
pollutants) have the potential to be toxic to the landfill biota responsible for carrying 
out  the waste  stabilization  process. While MSW has  an  ability  to  attenuate  and 
transform many trace pollutants (Reinhart and Pohland 1991; Pohland et al. 1992), 
the operator should carefully consider the chemical composition of a new liquid 
waste prior to disposal. Some useful toxicity information might be available from 
the existing literature, but specific anaerobic toxicity testing may also be warranted. 
The BMP assay, for example, was developed in part as an anaerobic toxicity test 
(Owen et al. 1979); this methodology is discussed in greater detail in Chap. 16.

Industrial wastewater and similar supplemental liquids with high organic matter 
content may provide a potential substrate for the production of methane as a result 
of anaerobic decomposition, but as described in Chap. 2, anaerobic biological 
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 systems consist of multiple biotic groups and are subject to upset if the system 
becomes unbalanced. If a liquid waste has a large concentration of rapidly ferment-
able organic compounds, this may result in rapid acid buildup, which in turn, sup-
presses methanogenic activity. Similar to concerns with trace chemicals or salts, 
specific tests such as the BMP should be considered as a screening technique, at 
least for the first time a candidate liquid waste is proposed. Ko et al. (2012) used the 
BMP assay to assess the potential effect (toxicity and methane yield) of three indus-
trial liquids (fishery, dairy, and brewery wastewaters) when added to landfills.

6.2.5  Wet Wastes and Biosolids

Several  solid  waste  streams  have  inherently  high  moisture  contents.  Examples 
include wastewater sludge and food processing waste. While some operators are 
reluctant to accept such sources (because of operational and nuisance issues 
described below), in a similar manner as industrial liquids, receipt of wet wastes 
offers a source of supplemental moisture and potential revenue. In some cases, cer-
tain wet wastes such as biosolids may be accepted as a service to a local utility 
department, and sometimes may be part of a negotiated deal to accept some or all of 
the landfill’s leachate at the utility’s wastewater treatment plant. Similar to the other 
moisture sources discussed already, special regulatory permission may be required 
if the waste falls outside the bounds of allowable wastes for disposal.

Domestic wastewater sludge (biosolids) is perhaps the most commonly proposed 
wet waste added to landfills; it is a waste stream generated in relatively large mag-
nitudes in most developed nations. While biosolids are commonly applied to agri-
culture, forest, mined land, or disposed offshore in the ocean, these practices are 
facing growing opposition and restrictions. When disposed in landfills, biosolids 
present a source of moisture, methane potential, and nutrients. Many of the early 
studies exploring potential sustainable landfill technologies (see Chap. 4) examined 
the addition of wastewater sludge as a means of enhancing waste stabilization and 
increasing gas production (EMCON Associates 1975; Pohland 1980; Buivid et al. 
1981). In a sludge digester at a wastewater treatment facility, the solids content of 
biosolids will be on the order of 0.5–2 % (98–99.5 % moisture). Dewatering will 
often be practiced prior to disposal to reduce transportation and disposal costs. As 
previously described, to pass the paint filter test, domestic biosolids need to be 
dewatered to 15–20 % solids content (80–85 % moisture).

The reluctance of many landfill operators to accept biosolids for routine disposal 
stems from operational difficulties, odors, and health and safety concerns. Biosolids 
possess a strong and often offensive odor, which coupled with the propensity of this 
waste stream to attract flies and other disease vectors, and the possible health risks 
resulting from pathogenic organisms, demand that disposed biosolids be covered 
relatively quickly to minimize concerns to landfill personnel, customers, and the 
surrounding community. When disposed at a landfill, biosolids will normally be 
transported using a dump truck or similar vehicle (Fig. 6.3). Since this waste stream 
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is so wet and has little or no strength in this form, biosolids cannot be moved and 
compacted in the same manner as MSW. Biosolids adhere to the tracks of dozers 
and the cleats of compactors, and the equipment may become stuck or sink into the 
working surface, thus making waste compaction a laborious process. Unless mixed 
with other waste, the presence of biosolids may hinder compaction efforts and result 
in lower compaction densities. Wet biosolids create an extremely slick working 
surface, making it very hard for waste spotters and other landfill personnel to walk 
on it. Longer-term operational issues derive from the differential settlement or soft 
spots that might occur when biosolids are buried without mixing with other wastes, 
and possible slope stability concerns if the biosolids are placed in continuous layers 
near the side slopes of the landfill. Methods that operators have successfully used 
for disposing of biosolids are reviewed in a later part of this chapter.

6.3  Moisture Addition Targets

6.3.1  Establishing Moisture Addition Requirements

Once an objective of increasing the MSW moisture content has been established 
and available moisture sources have been identified, the designer can proceed 
with estimating the targeted amount of moisture to add to the landfill. As described 
in Chap. 4, multiple laboratory, pilot-scale, and full-scale studies have confirmed 

Fig. 6.3  A truck load of biosolids unloaded at the working face of a landfill
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that elevating the moisture content of MSW from the original relatively dry conditions 
enhances the rate of waste stabilization. Additionally, the movement of moisture 
through the landfilled waste serves to transport micro-organisms, substrates, 
nutrients, and waste products throughout the landfill. Although some researchers 
recommend a specific moisture content desirable to optimize waste stabilization 
(e.g., Guijara and Suflita (1993) reported that at least 50 % moisture content 
would result in optimal methanogenesis), selection of a target moisture content 
for a full-scale operation based on optimized smaller-scale studies is generally not 
practical. First, the achievable moisture content of waste is very much related to 
the specific weight of the waste (see Chap. 5). Second, waste stabilization will 
likely be optimal under saturated or near-saturated conditions where liquids are 
moving relatively rapidly, a condition that is not feasible (and questionably safe) 
for full-scale landfill operations.

In lieu of selecting a target moisture content needed to achieve optimal waste 
stabilization, a common practice in the design of bioreactor or similar landfills is to 
target the introduction of at least enough moisture to reach landfilled waste field 
capacity. The field capacity concept was described in Chap. 5; in theory, all liquids 
added to increase the moisture content to field capacity would be absorbed by the 
waste, rather than leaving the landfill as leachate. In reality, because of the funda-
mental processes governing fluid flow in porous media, there is no way to bring all 
waste to field capacity without first bringing some of the waste to moisture levels 
greater than field capacity (including some at saturation), and then letting the liquids 
drain by gravity. Thus targeting field capacity as the desired moisture content is not 
a necessary outcome for success of the system, but rather a means to provide a real-
istic target for moisture addition for design purposes.

Chapter 5 provided measured data from several studies reporting the initial mois-
ture content of landfill disposed waste; the reported moisture content depends upon 
composition and local climate, and the designer should gather information specific 
to the site being planned. Similarly, previous measured data for field capacity were 
presented; a very notable observation from these data is the strong relationship 
between field capacity and waste specific weight. Tolaymat et al. (2013) present a 
recommended approach for determining a target liquid addition volume to achieve 
field capacity (or other desired target moisture content) for a given waste. For waste 
with an initial moisture content of MCi (% wet weight) and a target moisture content 
of MCt (% wet weight), the volume of moisture required to bring per a unit mass of 
waste to the target value (Vr) may be determined from (6.1):

 

V
MC MC

MC
Cr

t i

t

=
-
-100

 

(6.1)

Where C  is  a  conversion  factor  for which C = 1,000 L/Mg  for metric  units  and 
239.8 gal/ton for customary units. Figure 6.4 presents a plot of Vr as a function of 
MCi and MCt.
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The addition of wet waste (e.g., biosolids) would also increase the overall 
moisture content of the landfill. The mass of wet waste (Mwet waste) required per mass 
of MSW (Mmsw) required to reach a target moisture content (MCtarget) may be deter-
mined using (6.2):

 

M

M

MC MC

MC MC

wet waste

msw

target msw

wet waste target

=
-

-
 

(6.2)

Where MCmsw is the moisture content (% wet weight) of the MSW and MCwet waste is 
the moisture content (% wet weight) of the wet waste.

6.3.2  Determining Moisture Addition Rates

In the case of liquids addition, when a target moisture addition volume has been 
determined and an estimate of the total mass of waste to be wetted is known, the 
total target liquid volume to be added to the landfill can be calculated. In this sec-
tion, moisture addition rates are discussed on a longer scale (e.g., monthly, yearly) 
and for the entire landfill. In the following three chapters, liquid addition rates 
achievable for individual liquids addition devices are discussed. Prior to the 
detailed design, however, the engineer must develop a target liquid addition rate. 

Fig. 6.4 Graphic representation of Vr as a function of MCi and MCr
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A specification of flow rate (volume that should be added over a given duration) 
is necessary for the detailed design of a liquids introduction system and for devel-
oping an operation plan for the system. Several factors affect the rate at which 
liquids should be or can be added, including available liquids volumes, the ability 
of the waste to accept the liquids, the desired time to operate the system, impacts 
on the leachate collection system, and operational and safety considerations  
(e.g., slope stability, seepage).

The time available for system operation has a direct impact on the liquids intro-
duction rate. The liquids addition system is generally operated during the working 
hours of the landfill staff. The system will also be shut down occasionally for main-
tenance and may be prevented from operating during heavy rainfall events or other 
inclement weather. The total system operation time also depends on the manner in 
which a system is constructed. A liquids addition system constructed as the waste is 
placed (often referred to as an as-built system) has a greater potential window of 
operation compared to a landfill where the liquids addition system is not constructed 
until after waste placement is complete (often referred to as a retrofit system).

The impact of added liquids on the LCRS and the liner also play a major role 
with respect to establishing the liquids addition rate. As discussed in Chap. 2, regu-
latory design requirements often limit the depth of leachate ponded on top of the 
bottom liner. Chapter 10 provides guidance on how to integrate liquids addition rate 
into  the LCRS design  and  performance. While  as-built  operations with  a LCRS 
designed to handle liquids addition may not be limited by LCRS performance, ret-
rofit sites where the LCRS was not designed with liquids addition design in mind 
may require wetting to be conducted over a longer period of time (i.e., at a lower 
rate) to reach desired addition targets.

Even though an engineer may select a desired liquids addition rate, such a rate 
might not be achievable within the constraints placed as a result of other consider-
ations  (e.g., construction  techniques, costs). As described  in Chap. 5, compacted 
solid waste has a relatively low permeability, especially deep in the landfill. The 
distribution of desired moisture volumes into the landfill over a specified time inter-
val may thus require a large number of devices or operational pressures. Both of 
these factors have an impact on system cost and operational complexity. In addition, 
other concerns with regard to leachate seepage (Chap. 11), slope stability (Chap. 12), 
and impact on gas system performance (Chap. 13) may limit an operator’s ability to 
achieve target addition rates.

6.4  Conveyance Systems for Liquids Addition

An important component of the design of a liquids addition system is the infrastruc-
ture (pumps, pipes, valves, controls) to convey leachate (and other liquids) from the 
liquids storage units to the targeted landfill areas or addition devices. Some landfill 
operators utilize tanker trucks to haul liquids to the landfill, although this is most 
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common with surface application systems (Chap. 7).  Operations  of  greater 
 complexity that involve multiple wells or buried conduits require design and 
construction of a mechanical pumping system. The design of a pumped convey-
ance system will in general be similar to pumping systems for the conveyance of 
water and wastewater. The rest of this section addresses several design- and 
operational- related issues specific to landfill liquids addition, including pumping 
system options, necessary valves and controls, considerations for gravity- 
controlled systems, and incorporating expected performance of buried devices into 
pressurized system design.

Most bioreactor landfill operators pump liquids directly from existing leachate 
storage devices such as tanks and ponds. In some cases the pumping system will be 
the same as the one used for discharging leachate off-site (or to other leachate man-
agement options), while some sites utilize dedicated pumping stations for liquids 
addition. Another approach may  include  storing  leachate  temporarily  in portable 
storage devices (referred to as backer frac tanks) and pumping from these storage 
containers. Using a tank as the source of added liquids ensures that sufficient liquid 
volume will be available for addition during desired operational periods (e.g., oper-
ation hours of the landfill). The pumping system can be designed to meet the spe-
cific operating conditions of the liquids addition system. The leachate storage units 
also provide a good place to consolidate and mix other moisture sources prior to 
addition. One drawback to this approach is that because additional pumps and con-
trols are required, the storage system may be a some distance (relative to pumping 
from a leachate sump corresponding to the cell that added liquids) from the landfill, 
necessitating additional piping and energy is required to deliver the liquids back to 
the landfill from which they originated.

An alternative approach is to utilize the landfill’s existing pumping system for 
removing leachate (part of the LCRS) as the means to introduce liquids back to the 
landfill. In this case, as leachate is pumped from the landfill, the leachate (or some 
fraction of it) will be diverted back into the landfill as opposed to the storage system. 
Benefits of this approach may include reducing pumping energy demand and infra-
structure costs. In this approach, the pumping system may not be optimal for the 
flow rate or pressures desired for liquids addition. This approach may offer less 
control than pumping from a large storage unit, as the storage volume associated 
with the LCRS will in most cases is much smaller than the external leachate storage 
system. Thus, the rate of liquids addition will be dictated by leachate generation and 
the operation of the LCRS; pumping may occur intermittently operation throughout 
the day, including non-operational hours.

Another consideration is whether the pumping system will be gravity or pressure 
controlled. These two systems are conceptually illustrated in Fig. 6.5. Addition sys-
tems that are pressure controlled use the pressure of the pumping system as the 
driving force for introducing liquids into the landfill. This would be case where 
liquids are pumped directly into horizontal trenches (Townsend and Miller 1998) or 
blankets (Khire and Haydar 2005). In the case of vertical wells, liquids are most 
commonly discharged into the well openings at atmospheric pressure, although 

6.4  Conveyance Systems for Liquids Addition

http://dx.doi.org/10.1007/978-1-4939-2662-6_7
A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Highlight



144

pressurized injection into vertical wells has been attempted (Kadambala et al. 2014). 
In the case of a pressure-controlled approach, the pumping system provides not only 
the pressure to deliver the liquids to the source, but also enough to achieve the 
desired design injection pressure.

In a gravity-controlled system, liquids are delivered to a target source and dis-
charged to an open atmosphere at  the surface of or within the landfill. Examples 
include surface application (such as spray irrigation), ponds, or a vertical well where 
a free water surface exists (no pressure beyond the depth of water column is applied). 
The main goal of a gravity-controlled system is to deliver sufficient volume of liq-
uids either directly to the landfill surface or to a secondary storage system. 
Controlling the flow rate is a common issue in gravity-controlled systems and may 
require manual labor to control or add a sufficient flow rate while avoiding a condi-
tion where the liquid surface rises above the waste surface. Certain mechanical and/or 
electrical controls can be installed to reduce manual labor associated with operating 
the system. For example, a water level sensor can trigger a control valve once the 
water level is below or above a desired level. Another approach that has proven suc-
cessful is placing a storage tank on top of a landfill, as shown in Fig. 6.6. With this 
approach, liquids are first delivered to the storage tank by a pump system and then 
discharged into the waste by control valves; in this case, lower flow rates are easier 
to regulate.

Fig. 6.5 Schematic of two different pumping systems in bioreactor landfills (a) gravity feed  
system, and (b) pressurized pumping system
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The type of pump system selected will be dictated in part by the degree of control 
and automation desired. Centrifugal wastewater pumps, such as those commonly 
used as part of most LCRS can be specified, but their control may be limited relative 
to other pump types less commonly used for leachate, such as positive displacement 
pumps. In addition to specifying on-off conditions (which can be accomplished for 
any pump type), some designers may wish to control injection pressures, and for 
landfills where pressurized liquids are added at different elevations, such control 
might be more easily accomplished with positive displacement or similar pumps. 
Smooth-walled plastic pipe is commonly used for pressurized leachate force mains 
at landfills, although some regulatory jurisdictions may require double-walled pipe 
when placed outside the lined landfill unit. Depending on the degree of control 
desired (Chaps. 8 and 9) and the specific data to be monitored and recorded (Chap. 16), 
the piping system can be equipped with meters or sensors for measuring flow rate, 
cumulative fluid flow, and pressure. Figure 6.7 shows a hydrant system used to dis-
tribute pressurized liquids to individual horizontal liquids addition trenches at a 
North American site; pressure measurements in the force main were integrated into 
the pumping system’s control  logic so valves could be actuated shut when target 
pressures were reached.

Chapters 7, 8, and 9 provide more information on the individual liquids addition 
devices that might be employed. The devices will be connected to the liquids con-
veyance system by either direct pipe connection or with a flexible hose. Flexible 
hoses have the advantage of accommodating differential settlement if this is a con-
cern. Figure 6.8 shows the point where liquids are conveyed from a pressurized 

Fig. 6.6 Tank container chassis used for the storage and gravity discharge of leachate to a liquids 
distribution system on top of a landfill
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Fig. 6.7 Hydrant system for delivering liquids to specific addition devices in a landfill

Fig. 6.8 Connection of liquids addition manifold to surface trench
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force main to a shallow surface trench (described further in Chap. 6). In this 
example,  the  trench was  also  connected  to  the  landfill’s GCCS,  and  appropriate 
valves (and pressure monitoring devices) were provided to isolate liquids addition 
from gas extraction. The opportunities and challenges associated with combining 
liquids addition and gas extraction from trenches, wells and similar devices are 
discussed in Chap. 13.

The pumping system design for the liquids conveyance system will follow stan-
dard procedures used for water and wastewater. A system curve that plots the sys-
tem pressure as a function of flow rate from the entrance to the exit of the conveyance 
system will be developed and compared to candidate pump curves. The following 
equation portrays a typical system curve:
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where, V = velocity head (L); Z = elevation head (L); Pi = pressure head (L); 
hL,friction = head loss due to friction (L); hL,minor = head loss due to local disturbances 
of flow (e.g., valves, bends, and couplings) (L). The friction loss term (hL,friction), 
which accounts for the pressure loss as liquids flow through the pipe, can be esti-
mated using several approaches, such as the Darcy-Weisbach Equation, which is 
presented as (6.5):
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where L = the length of the pipe section (L); D = the pipe diameter (L); g = the grav-
ity constant (L T−2); Q = the flow rate (L3 T−1); and f = the dimensionless friction 
factor and is a function of the Reynolds number (Re) and relative roughness (e/D). 
The minor loss, hL,minor, results from in-line fittings, changes in direction, and 
changes in flow area. It is usually calculated using the method of loss coefficients. 
Each  fitting  has  a  loss  coefficient,  Kminor, associated with it. The minor loss is 
obtained by multiplying the loss coefficient by velocity head:

 

h K
V

gL ,minor minor= ×å
2

2
 

(6.6)

A system curve can be created using (6.3), and then used to select an appropriate 
pump. The operation point is determined by plotting the system curve and a manu-
facturer’s pump curve.

6.4  Conveyance Systems for Liquids Addition
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In the case of gravity-controlled liquids addition systems, the starting point of 
the system curve would be the liquid elevation in the storage unit, and the ending 
point would be the point where pressurized liquids are discharged at atmospheric 
pressure at the liquid addition device (e.g., the point where liquids are discharged 
into a pond or a vertical well). In the case of pressure-controlled liquids addition 
systems, the ending point is the pressurized device itself. This can be accomplished 
by treating the elevation of the liquids addition device entrance as Z2, and including 
a term Q/κ, such that:

 

P
Q

h minor L,= + + +D +
k

Z
V

g
h hL

2
2

2
, friction

 

(6.7)

where κ is the fluid conductance of the device. The fluid conductance relates flow 
rate to pressure; this concept will be discussed with respect to vertical and horizon-
tal liquids addition devices in Chaps. 8 and 9, respectively.

6.5  Addition of Wet Wastes

Many  operators  are  reluctant  to  accept  biosolids  for  disposal  because  of  the 
issues described earlier (workability, operational issues, odors, and health and 
safety concerns). Since operators cannot move or compact wet wastes in the 
same manner  as MSW,  a  variety  of  techniques may be  utilized  to  bury  these 
wastes. Some procedures involve burying the biosolids in depressions excavated 
on or near the working face. This practice, however, can result in soft spots or 
differential settlement. Other techniques therefore focus on mixing the biosolids 
with  the  waste  or  other  materials.  Reinhart  et  al.  (2007) evaluated biosolids 
disposal  techniques  at MSW  landfills,  and  a  summary  of  typical  operational 
techniques is presented in Table 6.1. In most cases, these practices would be 
applicable for similar wet wastes.

When increasing the moisture content of the solid waste is a primary objective, 
mixing the biosolids (or other wet waste) with the MSW is the preferred option. 
Figure 6.9 displays mixing of biosolids with MSW by pushing a load of MSW on 
to of a layer of biosolids; this would be followed by making several passes over 
the waste with a compactor, with an end result being the mixing of the two materi-
als. Mixing wet and dry waste with available landfill equipment also can also be 
used achieve this outcome. Operators can also mix wet waste with other materials, 
such as mulch or soil, to improve workability; this may limit some moisture 
distribution to MSW, however.

6 Moisture Supply and Conveyance

http://dx.doi.org/10.1007/978-1-4939-2662-6_8
http://dx.doi.org/10.1007/978-1-4939-2662-6_9


Table 6.1  Techniques for biosolids disposal at MSW landfills (from Reinhart et al. 2007)

Method Description

Direct unloading and 
mixing with waste 
loads

The landfill operator practicing co-disposal of biosolids with MSW  
would direct the biosolids truck directly to the landfill’s working face,  
where biosolids are unloaded and disposed of with loads of MSW. This 
method requires more coordination of landfilling operations to ensure 
that there are a couple of new loads of MSW set aside for the incoming 
loads of biosolids. Spreading biosolids in thin layers on the working 
face and covering with MSW is another option. This method is similar 
to the MSW co-disposal method discussed before in that biosolids are 
disposed of directly on the landfill’s working face. However, the 
biosolids are handled separately with the blade of the bulldozer by 
spreading them in a thin layer over the surface of the landfill and then 
covering this layer with regular MSW before compacting

Pit or trench burial  
of biosolids

Pit (trench) burial of biosolids involves more site preparation and 
equipment requirements than others because of the need to dig the pit 
or trench into the waste before the biosolids are unloaded into the 
landfill. Some landfill operators might prefer this method since it 
minimizes the need for handling the biosolids. One of the 
disadvantages of this method is the potential creation of soft spots on 
the surface of the landfill where the biosolids have been placed

Mixing biosolids with 
other materials prior 
to disposal or use as 
cover material

The mixing with additives technique includes mixing biosolids with 
MSW, yard waste, mulch or mulch fines, or soil. One of the main 
advantages of this disposal method is that it provides a more workable 
material than biosolids alone. However, this method requires a separate 
area of the landfill to be cleared and designated for the mixing process

Another method is to mix biosolids with additives using a 
predetermined ratio, as discussed in the previous method, and used as 
daily cover It should be noted that the use of materials other than site 
soils dirt for daily cover may require regulatory approval

Fig. 6.9  MSW pushed on top of biosolids at the working face of landfill
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Chapter 7
Systems for Surface Addition of Liquids

Abstract One of the earliest forms of liquids addition practiced by landfill  operators 
was surface addition. Techniques include: direct wetting of the waste, spray or drip 
irrigation, and ponding. In contract to subsurface liquid addition systems, construc-
tion requirements for surface systems are minimal. Care must be taken to ensure 
that liquids do not migrate outside of the controlled landfill area. The different con-
figurations of surface systems are presented and discussed, along with design 
approaches that can be used to identify liquids addition amounts in light of the site’s 
moisture addition goals.

Keywords  Landfill • Leachate • Surface • Irrigation • Pond • Trench • Recirculation 
• Bioreactor

7.1  Surface System Fundamentals

Surface systems involve adding liquids to the surface of the landfill, either directly 
to uncovered waste or to a layer of high-permeability drainage media on top of the 
waste. The liquids migrate downward into the landfilled waste under the influence of 
gravity and capillary (suction) forces, although some liquids may be lost as a result 
of  evaporation  (and  possibly  transpiration).  Surface  systems  are  often  selected 
because of their relative simplicity with respect to construction and operation. Unlike 
subsurface systems, surface systems can normally be constructed with existing or 
readily available equipment and supplies. Surface systems have been widely utilized 
at landfill sites where the primary goal was leachate management via recirculation as 
opposed to control of biological reactions (Barber and Maris 1984), and were often 
an early method employed at landfill sites that later evolved to using more elaborate 
subsurface techniques (Watson 1987; Townsend et al. 1995; Mehta et al. 2002).

While surface systems provide a cost-effective and relatively easy-to-construct 
methodology for introducing liquids, this approach presents several potential con-
cerns and limitations. From an environmental, human health, and aesthetic perspec-
tive,  these  systems  often  result  in  an  increased  potential  for  leachate  exposure. 
Exposure of workers to airborne leachate, odor from leachate, and increased oppor-
tunities for contamination of stormwater are all issues that must be assessed as part 
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of planning, design, permitting, construction, and operation. From a performance 
perspective, adding liquids to the surface with gravity as the primary driving force 
poses significant limitations with respect to introduction of moisture to deeper areas 
of the landfill within a reasonable timeframe, and such systems add greatly to the 
challenge of gas collection and control especially when the gas control system infra-
structure consists of vertical wells. While many of these concerns have led landfill 
operators pursuing sustainable operation to move toward subsurface systems, sur-
face application remains a commonly-employed technology for many facilities.

Methods for surface application at open, operating landfills include direct wet-
ting of the working face, spray or drip irrigation, infiltration ponds, and infiltration 
trenches  (conceptually  illustrated  in Fig. 7.1). Surface application  techniques are 
most often employed at landfills that are open (i.e., an engineering cap has yet to be 
constructed), but in some cases liquids have been introduced to the surface of the 
waste using trenches, leach fields, or drip lines underneath the cap. The remainder 
of this chapter provides a discussion of the common surface application techniques 
and their design.

7.2  Surface System Configuration

7.2.1  Tanker Truck Application

Direct application at the working face typically involves a water tanker truck that 
carries leachate to the working face and then discharges the leachate by a hose, rear- 
mounted  spray bar,  or  spray nozzle  to  the waste before  the  application of daily/
intermediate cover. Since many landfills are already equipped with water trucks for 

Fig. 7.1 Illustration of surface liquids addition techniques
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dust control, this method of surface application is often the most familiar and direct 
method for a landfill operator to implement. Figure 7.2 shows the process of liquids 
application on the landfill’s active face via tanker truck application using a front- 
mounted spray nozzle.

As with many surface liquid addition techniques, when the primary objective is 
to increase moisture content of the waste, tanker truck application is typically lim-
ited to recently-deposited waste that has not yet been covered with soil. While some 
evaporation will occur, addition directly to the waste promotes retention of moisture 
within the landfill and limits potential for leachate runoff from the desired applica-
tion area. Some operators construct temporary berms of soil around the application 
area to minimize leachate run-off to side slopes and other areas that are not targeted 
for leachate recirculation. Liquids distribution from the truck using the rear spray 
bar may be feasible, but only if the truck has access to the application area; if newly- 
deposited waste is the target, access by the water truck may be limited. Thus, 
although  use  of  the  truck’s  spray  nozzle  is  often more  practicable,  this method 
requires more operator control, but allows for better liquids distribution. An alterna-
tive is to introduce the liquids using a hose connected from the truck to the waste, 
but since this does not provide as efficient distribution, controls to prevent migration 
from the application area are important (e.g., soil berms).

Direct application of liquids to the waste using a water truck can result in effec-
tive moisture  distribution  in  the  areas where  it  is  applied,  and may  aid  in waste 
compaction. As with many of the surface techniques, application is limited to peri-
ods  of  dry  weather  to  minimize  potential  mixing  with  stormwater  and  off-site 
migration. Possible concerns to landfill operators include exposure to aerosols from 
leachate that is sprayed, additional odors that may result from the leachate, and the 
wet conditions of the working area.

Fig. 7.2  Spray application of leachate at the landfill surface using a tanker truck (Photo courtesy 
of John Schert)

7.2  Surface System Configuration
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7.2.2  Spray Application

The spray irrigation of vegetated land as a means of managing both raw and treated 
leachate  has  been  practiced  at  landfills  around  the  world  (Gordaon  et  al.  1988; 
McBride et al. 1989a, b). This practice has been extended to leachate application on 
the landfill surface, both on closed areas where soil and grass cover the waste, and 
directly on the waste prior to placement of cover soil. Spray application was one of 
the first reported methods for leachate recirculation at landfills. For many operators 
utilizing  spray  irrigation,  a  primary  objective  is  reduction  of  leachate  volume 
through evaporation and transpiration.

Spray irrigation systems for large grassed areas at landfills utilize standard irriga-
tion equipment; issues with reduced spray head performance due to biological or 
mineral clogging may necessitate frequent maintenance and repair. The primary 
concern for application to covered landfilled areas is limiting the application rate so 
that leachate mitigation outside the landfill area does not occur. This typically limits 
application during dry weather conditions to rates that do not exceed the liquids 
removal  through  evapotranspiration  and  infiltration  into  the  landfill. Application 
during wet weather will normally be prohibited concerns over potential stormwater 
impacts often pose a regulatory hurdle.

Landfill  operators  also  use  spray  irrigation  to  introduce  liquids  to  uncovered 
waste  prior  to  placement  of  the  cover  soil.  This  is  accomplished  using  portable 
spray heads that can be moved around the landfill as the disposal area progresses. 
Figure 7.3 shows a spray irrigation system for leachate on the working face of an 

Fig. 7.3  Spray irrigation at the landfill surface prior to cover soil placement using portable spray 
heads
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active landfill; standard irrigation equipment was used. Similar to issues faced with 
direct wetting using tanker trucks, control of liquids migration from the waste must 
be considered, and may require the use of soil berms at strategic locations around 
the active disposal area.

Potential  worker  and  customer  exposure  to  airborne  leachate  represents  a 
commonly- voiced  concern  with  leachate  spray  irrigation  systems.  Gray  et  al. 
(2005)  modeled  potential  exposure  of  landfill  workers  from  spray  irrigation  of 
leachate. Based on results from conservative worst-case exposures, they concluded 
that the risk posed to landfill workers exposed to several trace organic chemicals 
was minimal. Given  the  variable  nature  of  leachate  quality  from one  landfill  to 
another, however, a site-specific assessment may be advisable if this technique is to 
be employed.

7.2.3  Drip Irrigation

Similar to spray application, drip irrigation, if properly designed, can provide rela-
tively uniform liquids distribution at the surface of the landfill. Drip irrigation does 
not pose the same problems with aerosol dispersion as spray application. Two gen-
eral drip irrigation configurations include fixed and portable systems. Fixed systems 
utilize a permanent or semi-permanent pipe or tubing configuration that is placed on 
the surface of a covered landfill, or more commonly, embedded within soil above 
the waste. Orifices in the pipe or tubing are sized and spaced to optimize liquids 
distribution when liquids are added under pressure; the drip lines are at times placed 
within  a  bed  or  trench  of  gravel  or  similar  permeable  medium  to  optimize 
distribution.

Portable systems are used for drip irrigation directly to waste after deposition but 
prior to placement of cover material. Perforated pipes, hoses or tubing are dragged 
into place by hand or using landfill equipment and connected either to a force main 
or to a tanker truck. Liquids are added to the waste and the system is moved within 
the  targeted waste area as necessary  to provide needed distribution and capacity. 
Figure 7.4 shows a surface drip system consisting of perforated HDPE pipe on top 
of the landfill surface. Periodic monitoring and controls to prevent migration from 
the application area, such as soil berms, are important.

Although leachate aerosol concerns are not present with drip irrigation systems, 
migration of leachate outside the landfill area and subsequent impacts to stormwa-
ter must be evaluated. Selecting an appropriate rate of application is important, as 
the rate of liquids infiltration into compacted waste will be less than infiltration 
rates associated with most soils. From an operational perspective, drip irrigation 
orifices may require periodic cleaning and maintenance because of clogging from 
the leachate.

7.2  Surface System Configuration
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7.2.4  Surface Ponding

Surface ponding involves the use of infiltration ponds, lagoons, or pits at the surface 
of the landfill. Liquids are hauled by truck or pumped directly to the ponds, where 
liquids  added  at  an  amount  that  standing  liquids  levels  develop. Because  of  the 
simplicity in construction and operation, surface ponding was one of the first 
methods  of  leachate  recirculation  used  at many  landfills.  Ponds  provide  storage 
capacity  for  liquids  that  permit moisture  infiltration  into  the  landfill  even when 
liquids are not actively added. The standing liquids also provide additional driving 
force to enhance the rate of liquids addition into the landfill.

Surface ponds have been constructed in several different manners. In some cases, 
a surface layer of waste is excavated and re-compacted to construct perimeter berms 
around the excavated area to provide for greater storage capacity (Townsend et al. 
1995). Alternatively, a perimeter berm of low permeability soil can be constructed 
on the existing landfill surface to form the pond (Warith 2002), or incoming waste 
can be compacted in place to form the pond perimeter. Ponds that are excavated into 
the waste must be lined with a permeable media (e.g., rock, sand) to prevent waste 
from floating  (which over periods of prolonged operation can  still  be  a problem 
even if the pond bottoms are covered). If berms are used, they should consist of low- 
permeability  soils  to  keep  leachate  from  seeping  through  the walls. To optimize 
liquids distribution, pond locations should be staggered and moved.

Fig. 7.4  Drip irrigation piping for liquids distribution at the landfill surface (Photo Courtesy of 
Waste Management Inc.)
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Townsend et al. (1995) reported on the operation and hydraulic performance of 
an infiltration pond system constructed on the surface of a MSW landfill in Florida 
over a period of 28 months (see Fig. 7.5). In this study, a total of 36,470 m3 (9.6 
million  gallons)  of  leachate was  recirculated  using  a  system  of  four  infiltration 
ponds. The rate of application was found to be limited by the permeability of com-
pacted waste, and although some permeability reduction of the soils lining the pond 
occurred, the reduced soil permeability was still greater than the compacted waste. 
This system was found to provide an effective method for increasing moisture in 
the  waste  underneath  the  ponds  (Townsend  et  al.  1996),  ultimately  leading  to 
enhanced  waste  stabilization  (Kim  and  Townsend  2012).  Among  the  lessons 
learned from this site were that caution must be taken during the rainy season as 
large storms may result in pond overflowing and that prolonged periods of opera-
tion can lead to floating waste (an issue because of aesthetic and regulatory compli-
ance concerns).

Some  operators  have  used  surface  ponding methods  that were  either  covered 
(e.g., by an inverted waste container such as a roll-off box) or where the pond was 
filled with a permeable media material  (such as a  leach bed used for wastewater 
discharge to the environment). For example, Mehta et al. (2002) used a system of 
shallow excavations filled with  tire chips  to  recirculate  leachate  into a  landfill  in 
California. An analogous surface ponding system where a leach bed was placed 
under a landfill cap or cover system would have the same issues as those described 
for covered surface trenches (see below). Leach beds covered with additional waste 
are characterized as a sub-surface system and are thus described in Chap. 9 (hori-
zontal blankets or galleries).

Fig. 7.5 Leachate infiltration pond at the landfill surface
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7.2.5  Surface Trenches

Surface trenches represent a liquids introduction technique which relies on the use 
of  excavated  trenches  on  the  surface  of  the  landfill  to  distribute  liquids  into  the 
upper layers of the waste mass. A liquids distribution pipe would typically be placed 
in the trench and the trench would be backfilled with a permeable protective media 
(e.g., stone, shredded tires). Unlike ponds, the trenches are normally covered with 
soil so that the liquid surface is not visible at the surface of the landfill. To prevent 
soil from migrating into the trench and filling in voids of the permeable media, a 
geotextile will normally be placed above the bedding material prior to placement of 
soil. Liquids are added to trenches using a pipe manifold or tanker truck through 
vertical access pipes  that connect  the surface of  the  landfill  to  the buried pipe or 
bedding media.

Reported trench depths used at landfills range in depth from 1 to 4.5 m (3–15 ft) 
into the waste, depending on the excavator’s reach. The width of the trench is often 
the same as that of the excavator bucket, with 1–1.7 m (3–5 ft) being a typical range. 
Two approaches used for surface trench liquids addition are distinguished here as 
shallow  trenches  and  deep  trenches.  Shallow  trenches  are  excavated  into  the  top 
layer (approximately 1 m) of the waste and covered with soil. This approach offers 
the  advantage  of  a  relatively  simple  construction  procedure.  The  rate  of  liquids 
application will be limited by the maximum depth of liquids that can be safely pon-
ded without exiting the trench and causing leachate migration issues. Figure 7.6 
shows a shallow surface trench system under construction. In this system, perforated 
HDPE pipe surrounded by whole tires was covered by a geotextile and then by com-
pacted soil. Trenches excavated then ultimately buried within the waste (e.g., subsur-
face horizontal systems; see Chap. 9) are most often constructed as shallow trenches.

Fig. 7.6 Installation of liquids addition trench at the surface of a landfill
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Deep trenches are still excavated at the surface of the landfill, but they can extend 
into the landfill to depths of 4–5 m or more. Bedding media and pipe are placed in 
the bottom of the trench, but the remaining trench volume is backfilled with com-
pacted waste (a geotextile might be used to separate the bedding media from the 
waste, but this is less common in deep systems). Each completed trench is covered 
with soil and an appropriate inlet pipe for liquids addition provided. Figure 7.7 illus-
trates the construction of a deep trench used for surface application of liquids. The 
use of deeper trenches allows a greater volume of liquids to be stored in the trench, 
and the greater depth (as well as the backfilled waste) offers the operator the poten-
tial to add liquids under some degree of pressure. Depending on the depth of the 
trench from the surface, short-circuiting of leachate back to the surface may be a 
problem if enough waste is not added on top of the trench. With respect to design, 
deeper surface trenches operated under pressure are more appropriately designed 
following the subsurface techniques described in Chap. 9.

7.3  Design Methodology

The primary design variables associated with the sizing of a surface liquids applica-
tion system include the target liquid addition volume, the application time, and the 
application  rate.  Considerations  for  selecting  the  target  addition  volume  were 

Fig. 7.7 Deep surface trench 
for recirculation of liquids 
(Photo courtesy of Waste 
Management Inc.)
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discussed in Chap. 6. The duration of application will be dictated by the target vol-
ume and addition rate, as well as other site-specific constraints such as waste filling 
rates, precipitation amounts and frequency, and stormwater control methods. Given 
that the primary driver for liquids infiltration into the landfill will be gravity, the rate 
of surface liquids addition is largely controlled by the hydraulic conductivity of the 
waste, the area of the application, and the depth of liquids ponded on the surface of 
the waste. Other design elements (e.g., pumping and storage systems, stormwater 
control infrastructure) are described elsewhere in the book.

7.3.1  Direct Wetting, Spray and Drip Irrigation

When designing a system to apply liquids directly to the waste surface by spraying 
(or  similar  application  techniques),  the  application  rate  should  not  result  in  any 
excessive ponding or migration from the application zone. The designer could use 
software that models unsaturated flow (see Chap. 5); the surface application of liq-
uids where the liquids are not ponded above the waste would likely be an unsatu-
rated flow case. A simple approach, however, is to specify an application rate, q, 
equal to the vertical saturated hydraulic conductivity (KZ) at the surface of the land-
fill. At a unit gradient (i = 1), the liquid infiltration rate per unit landfill surface area 
into the landfill (L/T or L3/L2 T) would be equal to KZ as shown in (7.1).

 q K i KZ Z= =  (7.1)

Table 7.1 presents a range of unit gradient infiltration rates for various KZ values 
representative of what is typically reported in the literature. As described in Chap. 5, 
vertical hydraulic conductivity of compacted waste is greatest at the surface of the 
landfill where it is exposed to the least overburden pressure.

Table 7.1  Unit gradient infiltration rates at different vertical hydraulic conductivities
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The design engineer may wish to factor in evaporative losses when calculating 
an expected achievable application rate for a spray irrigation system. As spray irri-
gation of wastewater effluent is a common practice, design manuals for these sys-
tems can provide guidance for spray field configuration and application rates that 
include evaporation and transpiration (US Environmental Protection Agency 2006). 
Evaporative  losses  from  spray  irrigation  systems  are  a  function of water  droplet 
size, air temperature, humidity, and air velocity (Kincaid and Longley 1989; Tarjuelo 
et al. 1999). As small droplet size will lead to substantial evaporative losses due to 
greater amounts of surface area, specification of efficient spray nozzles (as well as 
practicing  maintenance)  is  important  for  maximizing  evaporation  (if  this  is  an 
objective). Estimating evaporation of water from ponded systems (such as surface 
ponds described in the next section) can be estimated by applying appropriate pan 
evaporation data and a corresponding pan coefficient.

7.3.2  Surface Ponding

The difference between surface ponding and surface application through spray and 
drip irrigation is that a larger amount of liquids are added with ponding such that 
infiltration of liquids into the waste occurs continually. The pressure head build-up 
associated with the ponding technique has the benefit of providing a greater driving 
force for liquids movement into the landfill. Figure 7.8 provides a conceptual illus-
tration of a surface infiltration pond at a landfill.

The infiltration rate of a surface pond can be simply expressed using Darcy’s 
Equation:

 
q K

h d

dz=
+

 
(7.2)

Fig. 7.8 Definition sketch for calculation of liquid infiltration rate into landfill from surface pond
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Where,  q  =  the  vertical  infiltration  rate  per  area  (L3 L−2 T−1);  Kz  =  the  vertical 
 hydraulic conductivity (L T−1); h = the depth of the surface pond (L); and d = the 
depth of the saturated waste under the pond (L) (see Fig. 7.8 for a definition sketch 
of the system). Soon after ponding begins, when the depth of liquids is lowest rela-
tive to the depth of the saturated waste, the infiltration rate of liquids into the landfill 
is at its greatest. As the saturated zone moves downward into the landfill, the driving 
gradient approaches 1, and qZ approaches KZ. Although the vertical hydraulic con-
ductivity  is considered a constant,  in practice,  it decreases with  the depth due  to 
overburden pressure. In this approach, seepage from the pond walls is neglected. An 
approach  for  including  liquids migration  from  the pond walls  is  provided  in  the 
subsequent section on surface trenches. Depending on local climatic conditions, the 
effects of evaporation and precipitation should be considered in sizing the ponds.

Townsend et al. (1996) measured the performance of surface infiltration ponds at 
a landfill in Florida. Infiltration was measured by conducting a daily water balance 
on four separate ponds and estimating evaporation. The observed surface infiltration 
rates  (qz)  ranged  from  0.005  to  0.02 m/day  (5,500–17,000  gal/acre-day).  These 
infiltration  estimates  were  used  to  assess  the  waste  hydraulic  conductivity  (see 
Chap. 5).

7.3.3  Surface Trenches

The description and modeling of surface ponds in the previous section was such that 
only flow from the bottom of the ponds was considered. In large pond areas, the 
exposed infiltration area on the sides of the ponds will be small relative to the bot-
tom area. This will  not be  the case  for  surface  trenches, however,  and given  the 
anisotropic nature of landfilled MSW, accounting for flow from the trench sides is 
important.

Singh (2010) tested surface trenches containing waste tires as a bedding material 
and measured infiltration rates. The trenches were 1 m wide and 1.2 m deep. After 
16 days of operation, flow rates in each trench (Q) normalized to a unit trench length (L) 
ranged from 0.69 to 0.95 m2/day  (56–77  gal/ft-day).  For  comparison  purposes, 
when these measurements are normalized to only the bottom area of a trench (sides 
excluded),  the  values  are  considerably  larger  than  infiltration  rates measured  by 
Townsend et al. (1995) for surface ponds; this illustrates the role that flow through 
the more permeable trench walls can play.

Jain et al. (2010) developed a method for predicting flow through a horizontal 
source. This technique and its utility are presented in greater detail in Chap. 9, but 
the technique can be applied to surface trenches and ponds. Figure 7.9 presents a 
design chart, which includes a definition sketch. Based on dimensions of the trench 
(length and width) and properties of the waste (anisotropy, a = KX/KZ), a dimension-
less value, η, can be obtained. From this, a dimensionless flow rate may be esti-
mated, and using the value of trench width (l) and KZ, the steady-state flow into the 
trench can be predicted.
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As the trench width (l) becomes greater than the depth of liquids in the trench (w), 
the value for qs (the dimensionless flow rate) approaches a minimum value close to 
1. This condition represents an infiltration pond and qZ  would  approach KZ  (as 
described in the previous section). As the degree of anisotropy gets larger, or as the 
trench depth increases, the values for η increases, illustrating the greater impact of 
liquid infiltration through the sides of the trench.
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Chapter 8
Buried Vertical Systems for Liquids Addition

Abstract Chapter 8 presents the second of three chapters that explore major liquid 
additions systems types, with the focus of this chapter being buried vertical systems. 
Configuration options, construction options, and materials of construction are dis-
cussed, including small-diameter and large-diameter systems. Design approaches 
with vertical wells are presented along with operational experience to inform the 
designer of potential opportunities and drawbacks. Coupled with the design discus-
sion is a presentation of several design charts and tools to identify and justify the 
selected spacing of liquids addition devices. The chapter finishes with a discussion 
of operations, monitoring, and closure consideration related to vertical systems.

Keywords  Landfill  •  Leachate  •  Bioreactor  •  Recirculation  •  Vertical  •  Well  • 
Subsurface

8.1  Vertical Well Fundamentals

The two general configurations for subsurface (buried) liquids addition systems are 
vertical wells and horizontal trenches or galleries. This chapter describes the design, 
construction, and use of vertical wells for the addition of liquids into landfills. The 
concept of these devices, as illustrated in Fig. 8.1, is that a vertical borehole is con-
structed within landfilled waste, allowing liquids to be added to a range of depths within 
the waste mass. As a subsurface system, vertical wells avoid many of the issues associ-
ated with the surface systems reviewed in the previous chapter (odors, aerosols, disrupt-
ing surface conditions, and impacts from inclement weather). From a performance 
perspective, vertical wells can have an advantage over surface systems in that the poten-
tially large hydrostatic head of water within the well can provide a comparatively larger 
driving force (pressure) to encourage liquids distribution within the landfill.

Vertical wells are commonly used in active GCCS, thus many landfill operators 
have familiarity with vertical well construction techniques. One advantage of verti-
cal wells is that they can be installed after large depths of waste have been placed 
(as we will see in the next chapter, buried horizontal systems are limited to construc-
tion at relatively shallow depths). This approach is thus well-suited to sites where 
liquids addition operations are conceived or initiated after most of the planned land-
fill operation or filling has been completed. It may also be a preferred option for 

A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Highlight



166

those operators wishing to avoid the necessity of frequent installation of horizontal 
devices as waste placement and compaction occurs.

The use of vertical wells may present several disadvantages relative to horizontal 
systems. For one, given that landfills are often much larger in the horizontal dimen-
sion relative to the vertical dimension, the cumulative length of a vertical liquids 
addition device is much less than a typical horizontal device. Thus, as can be assessed 
using the design approaches described later in this chapter and discussed further in 
Chap. 9, many more vertical wells may be needed to add an equivalent liquids vol-
ume relative to a horizontal device. Horizontal devices also have the potential to 
increase the moisture content of the landfill mass to a greater extent as a result of the 
larger device dimensions that are possible compared to vertical systems.

8.2  Configuration, Construction and Materials

8.2.1  Construction Techniques

A variety of construction techniques have been attempted for vertical liquids addi-
tion systems. Most techniques involve installing the well after the waste has been 
placed and compacted, and thus require specialized equipment for drilling a hole 
into the landfill. An alternative, however, is to construct the well as waste is being 

Fig. 8.1 Features of a vertical liquids addition well at a landfill
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placed; this well construction method is discussed in greater detail in Chap. 13 on 
landfill gas. Construction of a vertical liquids addition well during waste filling was 
reported  for  a  landfill  operated  by  the Delaware Solid Waste Authority  (Watson 
1987; Morris et al. 2003, see more discussion in Chap. 4).

A variety of different well construction techniques (primarily derived from meth-
ods and equipment typically used for soils augering) have been utilized for augering 
into landfills. Bucket augers are large in diameter (0.5–1 m) and commonly used for 
the construction of landfill gas wells. These devices consist of large hollow buckets 
with tools designed for cutting into soil and waste on the bottom edge of the bucket. 
As the auger bucket turns, the waste is cut in a rotary fashion; a tool on the bucket 
can be engaged to allow frequent removal of cuttings. Figure 8.2 shows the con-
struction of a vertical landfill well at a landfill using a bucket auger. In addition to 
constructing gas wells, these devices are commonly used to collect waste samples 
for characterization (e.g., Kelly et al. 2006; see Chap. 16).

Hollow stem augers are typically smaller in diameter compared to a bucket auger 
and can be utilized with most standard rotary drilling rigs used for geotechnical soil 
sampling and testing. Segments of hollow drill shaft are employed to auger into the 
landfill; a cutting tool is placed on the end of the bottom-most length of drill stem, 
which can be fitted with a plug to keep cuttings (waste and soil) from entering the 
hole. The cuttings are removed from around the top of the hole as augering occurs 
(Fig. 8.3). Undisturbed soil or waste is accessed through the hollow drill stem. 
Hollow stem augers have also been used at landfills to install moisture sensors as 
part of sustainable landfill operations (Jonnalagadda et al. 2010).

Solid-shaft open-flight augers come in a range of sizes; smaller diameter devices 
have been frequently used for collecting waste samples (Kim and Townsend 2012) and 
for constructing vertical air and liquid addition wells (Jain et al. 2005a, 2006). Solid-
shaft augers (Fig. 8.4) are commonly equipped with rotary drilling equipment used for 

Fig. 8.2  Bucket auger rig for drilling vertical wells in landfill waste
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Fig. 8.3 Hollow stem auger equipment for drilling vertical wells in landfill waste

Fig. 8.4 Solid shaft open flight auger for drilling vertical wells in landfilled waste
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geotechnical sampling and water well drilling. The use of these devices for small-
diameter liquid addition well installation is discussed in more detail in Sect. 8.2.3.

Another device commonly used for installing small diameter wells in soil is a 
direct push rig or direct push technology (DPT), which involves hammering the 
well pipe into place. A DPT rig was tested at a Florida landfill as part of small- 
diameter (5-cm) liquids addition well installation (Fig. 8.5), but the maximum 
reachable depth was 6 m (20 ft). The maximum depth that could be achieved would 
be a function of the waste characteristics (the presence of rigid debris that would 
cause drill refusal) and those of the rig itself.

8.2.2  Large Diameter Surface Wells

In the context presented here, large-diameter wells are differentiated from small- 
diameter wells in several ways. First, large-diameter wells are in most respects the 
same as wells commonly installed for landfill gas collection, with diameters ranging 
from 0.6 to 1 m. Second, a major fraction of the volume of the borehole is filled with 
a permeable media, typically rounded stone. A perforated pipe (either HDPE or 
PVC) is placed in the center of the rock, with sufficient distance between the landfill 
surface and the beginning of pipe perforations to avoid losing liquids to the surface. 
While  large-diameter  wells  can  be  constructed  during  the  progression  of  waste 

Fig. 8.5 Direct push rig installing vertical wells at the surface of a landfill
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filling by continuously adding new segments, the use of specialized drilling equip-
ment to construct a well after waste has been placed is more common. Large-
diameter bucket augers are most frequently employed, but large diameter open 
flight augers may also be used. With a bucket auger, the bucket is typically removed 
from the hole every 0.15 m to  remove  the cuttings. When open flight augers are 
used, drill cuttings emerge from the borehole as the auger stem is rotated. In both 
cases, the cuttings must be removed and appropriately disposed of.

Once the boring is completed to the target depth, the well pipe is lowered into the 
hole, with an effort made to keep the pipe in the center of the hole. Permeable media 
(e.g., non-calcareous rock) is backfilled between the waste mass and the pipe. A seal 
of concrete and/or bentonite (clay) is placed as part of the surface completion step 
above the top of the rock and below the landfill surface to minimize possible entry 
and exit of liquids or gases around the well pipe.

8.2.3  Small Diameter Surface Wells

In contrast to large diameter wells, small diameter wells as presented here are those 
that involve augering a hole in the landfilled waste using mechanized equipment 
and inserting a perforated pipe within the hole without the presence of surrounding 
drainage media. In this case, the pipe is in direct contact with the surrounding waste 
mass. Both solid shaft and hollow stem augers can be used, but the most commonly- 
reported application has been the use of a solid shaft open flight auger and PVC 
pipe. The bottom sections of the pipe are slotted or perforated and the top part is 
solid to minimize the potential of surface seeps during liquids addition operation.

Figure 8.6 conceptually illustrates the method through which vertical wells were 
installed at the New River Regional Landfill in Florida (see Chap. 4). Each solid 
shaft drill stem was 1.6 m long, and the first stem was equipped with a tool for cut-
ting into the landfill. As needed, additional lengths of drill stem were added 
(Fig. 8.7). Periodically, the drill shaft was rotated in place without advancing the 
depth; this action resulted in drill cuttings being brought to the landfill surface and 
assisted in enlarging the hole.

When the target well depth was reached, the drill shaft was again rotated without 
advancing for an extended period to clean the hole of as many cuttings as possible. At 
this point, the drill stem was removed from the hole without rotating; this helped keep 
any remaining cuttings on the stem, thus removing them from the hole. As soon as the 
final piece of stem was removed, the lowest portion of the well pipe was inserted into 
the boring (Fig. 8.8). The pipes were connected as they were lowered into place in the 
hole. Threaded or glued connections can be used, although threaded connections 
have shown to be more quickly deployed during construction. When drilling small-
diameter wells in landfills, the borehole tends to close back on itself relatively quickly, 
requiring mechanical force to push the pipe to the desired depth in some cases.

One of the critical requirements during vertical well installation of any kind is 
close monitoring of the length of drill stem in the augered borehole (Fig. 8.9). 
Targeted well depths are typically designed to provide at least 3 m (10 ft) of buffer 
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between the bottom of the well and the top of  the LCRS. This is needed to both 
avoid short-circuiting of the liquids to the LCRS and to avoid damage to the liner 
from the drill stem. It is thus critical that the engineer provide specific instructions 
for the depth for each specific well location based on accurate landfill surface eleva-
tion measurements and record drawings of the liner system and LCRS.

A common practice when constructing vertical wells is to place a low 
 permeability seal or collar in the annulus between the pipe and waste somewhere 
above the well screen and up to the landfill surface (Fig. 8.10). This helps avoid 

Fig. 8.6  Illustration of small diameter liquids addition wells as installed at the New River regional 
landfill. (a) Auger into landfill (b) spin auger in place to remove waste and clear hole (c) pull auger 
from hole without spinning (d) place pipe immediately in hole and add clay seal
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Fig. 8.7 Drilling small diameter liquid addition wells in a landfill

Fig. 8.8 Construction of small diameter liquids addition wells
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Fig. 8.9 Careful recording of auger depth into the landfill is critical to avoid damage to the bottom 
liner system

Fig. 8.10 A collar of bentonite (clay) being added to the annulus at the surface of a recently con-
structed liquids addition well

8.2  Configuration, Construction and Materials

A Bazargan
Highlight

A Bazargan
Highlight



174

undesirable liquid entry into the hole (e.g., stormwater intrusion) and liquid or gas 
escape from the landfill. Under most designs where vertical liquids addition wells 
are used, the depth of liquid is maintained below the surface of the landfill. In 
some cases the engineer or operator may want to operate at hydrostatic pressures 
above the surface elevation of the landfill. Experience of how these well seals 
perform to prevent surface seepage of added liquids is discussed in more detail 
later in this chapter.

8.3  Design Methodology

The design process for vertical wells begins with an assessment of the target volume 
of liquids to be added to the landfill and an evaluation of the timeframe and rate at 
which that volume is to be added to the landfill. Chapter 6 provides more informa-
tion on these design steps. Once the target liquids addition volume and overall 
design flow rate have been established, the engineer proceeds with the design of an 
individual well. The design of a single well includes the specification of the well 
diameter (both the auger boring and the pipe), construction materials, screen length, 
and well depth. The design of a vertical well system involves locating (at proper 
spacing) a sufficient number of vertical wells across the landfill and providing a 
delivery system to convey liquids to each of the wells. A primary objective in 
assigning the number of wells and their location is to provide a system that allows 
the operator to efficiently distribute liquids throughout the areas of landfill targeted 
for liquids addition. Two major design parameters that must be identified for a given 
landfill include the flow rate that can be added to a given well and the shape of the 
saturated zone that results from adding that flow rate to that well. It is important for 
the designer to understand that the fluid flow patterns predicted with methods out-
lined are idealized, and systems as heterogeneous as landfill should be expected to 
be much more variable, both spatially and with time. The engineer should use these 
techniques to develop an understanding of likely performance ranges, and couple 
this with good engineering judgment and system-specific objectives.

Both the flow and dimension of the saturated zone can be predicted by the engi-
neer using fluid flow modeling as described in Chap. 5. Several authors have pre-
sented examples of such modeling for vertical liquid addition wells in landfills. 
McCreanor and Reinhart (1996) used the saturated-unsaturated flow and transport 
model  (SUTRA)  to  simulate  the  saturation  profiles  that  would  occur  around  a 
 vertical well in homogenous and isotropic waste at several constant flow rates. 
Using SUTRA, Jain et al. (2005b) modeled moisture flow through a vertical well 
installed in unsaturated waste. He reported pressure at the bottom of the well and the 
lateral extent of the zone of impact as a function of waste properties, well dimen-
sions, flow rate, and time. Khire and Mukherjee (2007) simulated the impact of 
leachate injection rate on the steady-state injection pressure, the lateral extent of 
moisture movement, and head on the bottom liner for an isotropic waste. The impact 
of well diameter, well depth, and screen length was also investigated.
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Figure 8.11 presents the output of a seepage modeling simulation of liquids 
added to a vertical well at a constant liquid depth. It is presented only to illustrate an 
example output, and that the displayed numerical results are only applicable to the 
defined simulation conditions. The results show that flow rates are greatest in the 
beginning as the pressure gradient is large. As the wetted zone around the well 
expands, the flow decreases to a steady state.

Fig. 8.11  Example  output  of  a  seepage  model  simulation  (SEEP/W)  of  pressurized  liquids  
addition into a vertical well
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The following sections discuss historic data measured at landfill sites using 
 vertical wells for liquids addition and a design method that can be used to predict 
achievable flow rates and saturated zone dimensions for vertical liquids addition 
wells. The design methods presented allow the engineer to estimate these parame-
ters without performing computer simulations. Figure 8.12 defines the system along 
with appropriate dimensions.

8.4  Flow Rates

8.4.1  Operational Experience

Several researchers have reported on the operational performance of vertical wells 
at landfills, and in some cases have provided total liquid volume addition data. For 
example, Read et al. (2001) described the recirculation of leachate in a 1-ha (2.5-ac) 
test cell  in Georgia, US using a vertical  system consisting of 27 wells  spaced at 
18.25 m (60 ft) and  installed at depths ranging from 1.5  to 4.6 m (5–15 ft) with 
screen lengths ranging from 0.6 to 1.5 m long (2–5 ft). Approximately 3,400 m3 (0.9 
million gal) of leachate was recirculated over a duration of 9 months. Morris et al. 
(2003) described the recirculation of leachate into 1.2-m diameter wells at a 
Delaware, US landfill at rates of 0.008–0.75 m3/min.

An extensive set of data on performance of a vertical well liquid addition was 
developed  at  the New River Regional  Landfill  in  Florida  (NRRL;  see Chap. 4), 
where a system of small-diameter vertical wells was used for the introduction of 
leachate and groundwater to a 2.5-ha (10-ac) landfill area at the site (Jain et al. 

Fig. 8.12 Definition sketch for major dimensions associated with estimate of liquids into a verti-
cal well in a landfill

8 Buried Vertical Systems for Liquids Addition

http://dx.doi.org/10.1007/978-1-4939-2662-6_4
A Bazargan
Highlight



177

2005b). Clusters of wells were installed, with each cluster containing three wells 
installed at 6, 12 and 18 m (20, 40, and 60 ft) depth. Reported flow rates ranged 
from 0.0019 to 0.011 m3/min (0.5–2.91 gal per minute); Fig. 8.13 illustrates typical 
well performance for a single well over several days of operation. As part of initial 
site operations, Jain et al. (2006) observed that achievable flow rates decreased with 
depth in the landfill (hydraulic conductivity was lower at greater waste depths).

Longer-term performance of the NRRL liquids addition well field was reported 
in Jain et al. (2014a). More than 25,000 m3 (6,600,000 gal) were added over a 5-year 
period. The performance was evaluated based on fluid conductance, defined as flow 
rate per unit well screen length per unit liquid head at the well bottom (units = L/T). 
Figure 8.14 presents variation in fluid conductance with the liquids volume added. 
The median fluid conductance was found to range from 5.6 × 10−8 to 3.6 × 10−6 m s−1 
for all wells.

8.4.2  Estimation Methods

The achievable flow rate into a vertical well can be predicted by the engineer using 
a fluid flow simulation technique as described in Chap. 5. Figure 8.11 provided the 
result of an example of such a simulation under a defined set of conditions. The flow 
rate decreases during the first part of operation as the wetting zone progresses, ulti-
mately reaching steady state.

Several researchers have developed approaches that allow estimation of flow 
rates into a vertical well without the need to conduct model simulations. Xu et al. 
(2014) conducted a series of SEEP/W simulations for a range of potential operating 
conditions and developed a best-fit relationship of the simulation results to produce 
a simple equation capable of estimating flow-rate (and several other parameters as 

Fig. 8.13  Example data from the operation of a vertical  liquids addition well at NRRL; liquid 
depth and flow rate as a function of time
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discussed later in this chapter). The Xu et al. (2014) assessment simulated the verti-
cal well as a line-source under axisymmetric flow conditions. Using this approach, 
the entire length of well screen is assumed to be saturated, with no liquid level 
above the well screen. The following relationship for steady state flow into a verti-
cal well was developed.

 
Q A K Lz= × × ×( )0 61 2.

 
(8.1)

Where, Q = the flow rate of  leachate  (L3 T−1); A = waste anisotropy ratio (Kx/Kz;) 
Kz = vertical hydraulic conductivity (L T−1); and L = well screen length (L).

Jain et al. (2010) developed an approach to estimate steady-state flow rate into a 
vertical well as a function of well dimensions, injection pressure, and waste 
 hydraulic conductivity and anisotropy using dimensionless parameters and design 
charts. SEEP/W model simulations were conducted over a range of operational con-
ditions for vertical well systems. In addition to the parameters assessed by Xu et al. 
(2014), Jain et al. (2010) included the radius of the well and conditions where liq-
uids were added at pressures greater than the screen length of the well. A dimen-
sionless variable analysis was conducted to broaden the scope of applications for 
the results beyond the range of individual parameter values used for modeling. Use 
of the design process proposed by Jain et al. (2010) is described below.

First, the dimensionless variable η is calculated using information on well dimen-
sions and landfill anisotropy:

 

h =
L

r
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w

2

2

 

(8.2)

Fig. 8.14 Fluid conductance as a function of liquids volume added for (a) deep wells, (b) middle 
wells, and (c) shallow wells
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Where LV = the screen length of the vertical well, rw = the radius of the vertical 
well, and A = the anisotropy ratio (KX/KZ). The dimensionless variable η indicates 
the dominant flow direction, vertical or horizontal; a low η value signifies a flow 
that is dominant in the vertical direction, whereas a high η value indicates a flow 
that is dominant in the horizontal direction.

The designer identifies a target liquid level in the vertical well (hv, measured 
from the bottom of the well), which allows for the depth of liquids to be greater than 
the screen length. Using the targeted liquid level, hv, and the well screen length, LV, 
a dimensionless injection pressure head, pId, is calculated as follows:

 

p
h

LId
V

V

=
 

(8.3)

Once the values of pId and η have been determined, the steady-state dimension-
less flow rate, qs, for a vertical well can be estimated using the chart presented in 
Fig. 8.15.

With a value of qs in hand, the steady state flow rate into the vertical well (QS) 
can be calculated as:

 Q q r Ks s w Z= p 2

 (8.4)

Fig. 8.15  Design chart for estimating steady state flow (QS) into a vertical source under buried 
conditions (from Jain et al. 2010)
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Jain et al. (2014b) also presented a design chart to estimate average flow rate for 
conditions where the system does not reach steady state. The design chart provides 
an estimate of the error that might result from the use of steady-state flow rate in the 
design process decreases with an increase in the fraction of liquids volume needed 
to achieve steady state. The use of the steady-state flow rate for estimation of oper-
ating duration to add designed liquid volume may result in slight overestimation of 
the operating time.

8.5  Saturated Zone Profiles

The ability to estimate the size and shape of the saturated zone surrounding a verti-
cal well can be of great value when determining the appropriate placement or spac-
ing of liquids addition devices. The engineer and operator must consider numerous 
factors that may result in non-idealized flow conditions (e.g., cover soil layers, 
waste heterogeneity) and incorporate such conditions into design and operation. 
Both Xu et al. (2014) and Jain et al. (2010) used the output of vertical well simula-
tions to develop a method for predicting the wetted zone around a vertical well at 
steady state. Refer to Fig. 8.12 for the definition sketch of pertinent dimensions in 
this approach.

Xu et al. (2014) examined the lateral spread of liquid away from a vertical well 
as a function of the maximum steady-state moisture distribution (Xmax). At steady 
state, the maximum lateral spread is reached and the added liquids will only migrate 
downward in the vertical direction. According to Darcy’s Law, the maximum lateral 
spread for a vertical well (Xmax) injection can be expressed as:

 

X
Q

Kz
max = p

 

(8.5)

A correction factor was developed that allowed for the estimation of lateral 
spread at a distance, D, from the top of the well, such that:
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(8.6)

Where, D = the depth measured from the top well screen (L) and LV = the length 
of well (L). The lateral distance at the base of the well (where D = L) would thus be:

 X Xwell = 0 8. max  (8.7)

This equation allows the user to estimate the shape of the saturated zone profile, 
from the water surface to the depths below the bottom of the well, but only applies 
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to cases where the water level is within the screened interval. Using the  dimensionless 
analysis approach simplified by Jain et al. (2010), the relationship for Xwell was 
found to be:

 

X
Q

Kwell
s

Z

=
p

 

(8.8)

8.6  Liquids Addition Device Spacing

The engineer must specify the number of vertical wells for installation and their 
locations. While some measured data are available regarding the success of vertical 
wells for distributing moisture (see below), the engineer will need to decide upon an 
appropriate well spacing based on site-specific conditions and project objectives 
coupled with estimates of likely expected moisture movement within the landfill. 
The information presented in Sect. 8.4 allows the engineer to estimate the flow rate 
that can be added to a given vertical well. This, coupled with the liquid addition 
targets discussed in Chap. 6, can be used to provide a preliminary estimate of the 
number of wells needed. The engineer can specify spacing based on previous opera-
tional experience or using methods that allow prediction of the saturated zone sur-
rounding the well.

Several projects have used 17-m (50-ft) spacing for small-diameter vertical wells 
(Read et al. 2001; Jain et al. 2005b). Only limited data are available from field mea-
surements, however, regarding the distribution of moisture surrounding vertical 
wells. Based on  the  responses of moisture  sensors  (Kumar  et  al. 2009) installed 
around the NRRL vertical well clusters (50-ft spacing), the lateral extent of mois-
ture movement was reported to range from 8 to 10 m. Jain et al. (2014a, b) reported 
that this system was effective in wetting the waste as the average gravimetric 
 moisture contents of 272 samples collected in 2007 was 45 % (wet weight basis) 
compared to the initial average moisture content of 23 % (wet weight basis) (for 51 
samples) collected in 2001.

Engineers often specify device spacing based on the distance needed to provide 
adequate moisture distribution within the landfill. The methods in Sect. 8.5 allow 
estimation of steady state zones of impact, and thus can be used for device spacing. 
For example, assigning a spacing based on Xwell or Xmax, or some desired overlap, 
would be a typical approach. However, the engineer may also wish to factor time 
into the design. The time needed to reach steady state may be large, and thus in 
cases where more rapid coverage is desired, closer spacing may be necessary.

The dimensionless design chart approach described earlier can be extended to 
determine the lateral extent of liquid movement at the base of the well (Xwell) at 
times prior to reaching steady state. First, η is calculated in the same manner as 
presented in Sect. 8.4. Then using Fig. 8.16, the number of pore volumes needed to 
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reach  steady  state  (Vn,critical) can be determined for different pID values. The 
 cumulative volume of  liquids  to  reach steady state  (Vt,critical) can be calculated as 
follows:

 
V V r wt critical n critical w s d, ,= -( )( )p q q2

 
(8.9)

Where rw and Lv are as previously defined θs is the porosity and θr is the residual 
moisture content.

Figure 8.16 presents fractions of the steady-state lateral extent (ratio of transient 
lateral extent (Xwell) to the steady-state lateral extent (Xwell,s)) achieved as a function 
of the fraction of steady-state liquids volume (i.e., ratio of the design transient vol-
ume (Vt)  to the volume needed to achieve the steady-state condition (Vt,critical) for 
vertical well) as published by Jain et al. (2014b). A ratio of 1 represents the steady- 
state condition whereas ratios less than 1 represent transient conditions. As can be 
seen in Fig. 8.17, coverage of approximately 70–90 % of the lateral extents of the 
zone of impact is achieved by addition of only 40 % of the liquids volume needed 
to achieve steady state for a vertical well.

With a value of Vt,critical in hand, the value of Xwell can be estimated as a function 
of added volume (Vt) using Fig. 8.17. First, the ratio of Vt to Vt,critical is calculated. 
Then a value of Xwell / Xwell,s is estimated using Fig. 8.16. As the SEEP/W simulation 
results did not converge on a simple relationship, a range is presented and the 
designer would need to select an appropriate value of Xwell/Xwell,s.

Fig. 8.16 Design chart to determine the cumulative volume of added liquids needed to reach 
steady state (from Jain et al. 2010)
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These design approaches reflect the technical aspects of design required for 
 vertical wells. The design engineer and site operator must also consider other fac-
tors such as cost and compatibility with current and future operations when finaliz-
ing the number and configuration of vertical wells. Economics are addressed further 
in Chap. 18.

8.7  Operation, Monitoring and Closure

While horizontal systems can be operated under pressure, vertical systems normally 
require that liquid levels be maintained below the surface of the landfill and thus 
pressure is limited to the depth of the well below the landfill surface. As described 
earlier, construction of a vertical well will normally include placement of a low 
permeability seal (clay, concrete) to prevent the short-circuiting of leachate (liquid 
and gas) in the annulus of the well to the surface of the landfill. At the NRRL proj-
ect, this was found insufficient to prevent liquids migration when the liquid surface 
in the well was above the landfill surface. Further attempts at the NRRL to examine 
pressurized addition at vertical wells explored the placement of a concrete collar 
around the vertical wells (Fig. 8.18). While this was more effective than a simple 
clay seal around the well, surface seepage still occurred. Jain et al. (2014a, b) 
reported that the liquid depths within the well had to be maintained below the land-
fill surface to avoid seeps at the base of the wellheads; therefore, system operation 
was labor intensive, especially for wells installed at shallow depths.

Fig. 8.17 Design chart to determine the fraction of the radial extent of flow from a vertical well 
as a function of the cumulative volume added

8.7  Operation, Monitoring and Closure

http://dx.doi.org/10.1007/978-1-4939-2662-6_18
A Bazargan
Highlight
Vn/Vn(critical)= che nesbat az hofrehayie ke baraye residan be eshba vojud dashte ast ra por karde eem

A Bazargan
Highlight



184

A challenge of operating vertical well systems, especially those with many wells, 
is maintaining sufficient addition rates to achieve liquid levels efficient for driving 
moisture distribution, but not large enough to result in surface seeps. This requires 
relatively frequent operator monitoring and adjustment. Routine liquid level mea-
surements are necessary (see Chap. 6 for a discussion of monitoring techniques).

Settlement is also an issue that requires ongoing monitoring and maintenance. 
The settlement of waste beneath and surrounding a vertical well can result in 
“extending” the well to a point above the landfill surface that makes operations and 
monitoring difficult. The degree of settlement at any point depends on the 
 underlying waste thickness. Since the waste thickness below the bottom of the well 
is less than the total waste thickness at the well location, the vertical wells settle 
less than the surrounding landfill surface. The designer and operator should expect 
vertical liquids addition wells to continue extending above the landfill surface in a 
similar manner, and at even more pronounced magnitude as a result of enhanced 
waste  stabilization  and  consolidation.  At  NRRL,  clusters  of  wells  of  different 
depths settled at different rates because of different depths of waste beneath them. 
The engineer must provide a flexible design that allows the operator to routinely 
adjust the connection between the well and the liquids distribution or gas collection 
manifold.

Vertical liquids addition wells also present an operational challenge in that waste 
will preferentially settle around the well as this is where most of the liquids are 
added. Greater liquids addition volumes result in greater weight which increases the 
stresses causing settlement and also results in more waste decomposition and more 
volume loss. Depressions may form around vertical wells which, if not addressed, 
will result in low spots for water to pond, thus making operator access difficult. This 

Fig. 8.18 Installation of a concrete collar around a nest of vertical injection wells
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presented a problem at NRRL, where a geomembrane covering the landfill surface 
did not permit easy placement of soil or fill around the wells to eliminate ponding 
(see Fig. 8.19).

An alternative vertical well system was employed at  the NRRL that  reduced 
some of the aforementioned issues with surface seep occurrence and differential 
settlement (Kadambala et al. 2014). The objective of this system was to install 
multiple vertical wells and to tie groups of these together, and then to place another 
layer of waste above the top of the wells. The configuration included installation 
of nine wells installed in a grid spaced at 50-ft intervals. Each well was connected 
to a horizontally-oriented manifold and the entire well system was covered with a 
lift of waste (Fig. 8.20). To avoid damage to the wells by the placement of the 
overlying lift, the wells were installed in horizontal trenches constructed at the 
surface of the landfill (Fig. 8.21); the wells and their connecting manifold pipes 
were covered with the excavated waste to protect them from damage when the 
next lift of waste was placed. This allowed operation of the wells in a manner 
similar to horizontal wells (e.g., under pressure), but permitted addition to deeper 
areas of the waste compared to vertical wells that terminate above the landfill 
surface. This buried vertical well system showed that liquids addition using verti-
cal wells was feasible, but this system takes away the ability to independently 
control individual liquids addition devices. Furthermore, given the critical need to 
avoid damage to the manifold system—which could preclude the ability to add 
liquids into any of the wells—the designer and constructor of buried vertical well 
systems must carefully select installation materials, locations, and procedures to 
avoid such damage.

Fig. 8.19 Differential settlement around a cluster of vertical liquids addition wells that resulted in 
ponding of stormwater

8.7  Operation, Monitoring and Closure
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Fig. 8.20 Illustration of the construction of a buried vertical well system employed at the New 
River landfill in Florida. (a) Initial installation of the vertical well. (b) Connection of the vertical 
well to a horizontal manifold. (c) Placement of a lift of waste on top of the vertical wells and day-
lighting of the manifold on the side slope of the landfill

8 Buried Vertical Systems for Liquids Addition
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Chapter 9
Buried Horizontal Systems  
for Liquids Addition

Abstract Chapter 9 is the third and final chapter on liquids addition system types, 
with a focus on horizontal systems. Buried trenches, blankets, and combination 
systems are discussed as the most common horizontal system types, with a compan-
ion evaluation of potential benefits and drawbacks of each. The latter portion of the 
chapter focuses on design techniques and approaches for horizontal systems, includ-
ing tools to help identify and design horizontal systems over a variety of operating 
conditions and site constrains. Considerations for operation, monitoring and closure 
are presented at the end of the chapter.

Keywords  Landfill • Leachate • Bioreactor • Recirculation • Horizontal • Trench • 
Blanket  • Subsurface

9.1  Subsurface Horizontal System Fundamentals

The advantages that subsurface methods of liquids addition have over surface addi-
tion (e.g., ability to add liquids during inclement weather, greater capacity for pro-
viding adequate liquids to the bulk of the waste mass) were described in the previous 
chapter’s presentation of vertical liquid addition wells, and these advantages are 
shared by horizontal subsurface systems. The subsurface liquids addition methodol-
ogy discussed here utilizes buried pipes, trenches, or beds of permeable media con-
structed horizontally in the landfill during the waste filling process. The installation 
of these devices differs from vertical wells (which are installed only after a substan-
tial amount of waste has been placed) and thus provides the operator the ability to 
add liquids much earlier in the operational life of the landfill.

The placement and use of horizontal liquids addition devices are among the most 
common of practices used at large-scale facilities implementing liquids addition. 
While this practice requires relatively frequent construction of devices throughout 
the life of the landfill, the types of equipment needed for construction are those 
often already part of the site’s equipment fleet (e.g., excavators, loaders), and thus 
installation may be performed by the landfill staff themselves without the necessity 
of an outside contractor with specialized equipment (such as a drilling rig).
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Several configurations of buried horizontal systems have been utilized for liquids 
addition. For the purposes of discussions herein, these are grouped as horizontal trench 
(buried trench) systems and horizontal blanket (buried infiltration gallery or horizontal 
gallery) systems. Both types have been utilized to distribute liquids within the landfill 
mass. Horizontal systems can expand lengths to of hundreds of feet (or meters) and are 
vertically offset with spacing that depends on the dimensions of the horizontal trench 
or blanket among other factors (i.e., flow rates, pressures, and operational objectives). 
Similar to the previous chapter on vertical systems, this chapter examines the funda-
mentals of horizontal system construction and materials, along with design consider-
ations; existing data from practicing facilities and methods for predicting achievable 
flow rates and moisture distribution profiles are both discussed.

9.2  Configuration, Construction and Materials

9.2.1  Buried Trenches

The installation of perforated pipes buried within the waste in a horizontal fashion 
has been described as horizontal injection lines (HILs), horizontal injection trenches 
(HITs), or simply horizontal trenches. Common to all systems is a conduit capable of 
distributing liquids placed on top of a lift of waste, with the inlet of that conduit 
configured to allow the introduction of liquids when desired (illustrated in Fig. 9.1). 

Fig. 9.1  Illustration of a subsurface horizontal liquids addition system at a landfill
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In most cases, this approach utilizes perforated pipes embedded in a high- permeability 
drainage material placed in an excavated trench (some horizontal systems have been 
placed directly on top of the waste surface without excavation). Bedding media 
(e.g., gravel or shredded tire) is typically placed around the  perforated pipe prior to 
placement and compaction of additional waste. Multiple conduits are typically con-
structed per lift, and additional conduits are placed on other lifts within the landfill in 
an effort to maximize moisture distribution in the landfill.

As illustrated in Fig. 9.2, the construction process begins with an existing landfill 
lift where compacted waste is overlain by a layer of cover soil. As these devices are 
normally intended for use only after the next lift of waste has been placed, a careful 
plan for coordinating installation with landfill waste filling and compaction is neces-
sary. In some cases, new lines are continuously added as the landfill is filled. In other 
cases, if the filling sequence permits, many lines will be installed at once. Depending 
on the waste filling sequence at the landfill, the trench area will have to be covered 
with soil after installation, thus some operators choose to scrape away the cover soil 
layer prior to excavation of the trench. Additionally, since a major concern at many 

Fig. 9.2  Illustration of the process of constructing a horizontal liquids addition trench. (a) Initial 
conditions (b) scrape away cover soil (c) excavate trench (d) install first layer of bedding (e) install 
pipe (f) install additional bedding (g) compacted waste over trench (h) place soil over excavation 
area

9.2  Configuration, Construction and Materials
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sites during the installation of horizontal devices is the potential interference of 
cover soil layers during future operation (see Chap. 11 for a description of how soil 
layers can contribute to preferential channeling and leachate seeps), scraping soil 
from the immediate trench area minimizes the amount of direct connection between 
the cover soil and the pressurized liquids addition device.

An excavator is the most common equipment used for the construction of an 
injection trench (Fig. 9.3). Trench dimensions vary, but a common size is 1 m by 
1 m (as discussed in Chap. 7 on surface systems, deeper trenches are sometimes 
constructed). Some operators install square trenches with defined edges, while oth-
ers excavate a more rounded trench. The designer and operator must plan for the 
staging and potential removal and management of the excavated waste. For large 
trench excavations, a considerable amount of waste is removed, and under most 
regulatory and permit requirements, this waste will have to be covered within a 
short period of time, often by the end of the working day. Some operators provide a 
truck for transport of excavated waste, followed by hauling the waste to the working 
face of the landfill for disposal. Another approach is to mound the waste to the side, 
complete trench construction within the needed time frame, and then push and com-
pact the waste over the completed trench before covering with soil.

Most commonly, the liquids addition device specified for placement in the trench 
is  a  perforated  pipe  (high-density  polyethylene  (HDPE)  or  polyvinyl  chloride 
(PVC)) surrounded by a permeable bedding material. The purpose of the bedding 
material is twofold. First, it provides a conduit for liquids distribution through the 
trench as the bedding material will be more permeable than the surrounding com-
pacted waste. If a pipe breaks at some point in the future, liquids can still be trans-
mitted  through  the  trench.  Second,  the  bedding  material  provides  a  cushioning 

Fig. 9.3  Excavation of horizontal injection trench using a track excavator
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layer to provide some protection to the pipe against stresses from waste and equip-
ment overburden and settling beneath the trench. Most designers and operators 
install bedding material on the bottom of the trench followed by the perforated 
pipe,  followed by more bedding material (Figs. 9.4 and 9.5). Depending on avail-
ability of construction and bedding materials, as well as other site-specific con-
struction constraints, some operators may place the pipe at the bottom of the trench 

Fig. 9.4  HDPE liquids 
distribution pipe in the 
process of being placed on 
top of a bottom bedding layer 
of shredded tires in a 
horizontal trench

Fig. 9.5  Placement of shredded tires on top of HDPE liquids distribution pipe in horizontal trench
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or the top of the trench. Similarly, the designer will specify the perforation scheme 
used in the recirculation pipes, and care must be taken to ensure that pipe perfora-
tions are placed appropriately during installation (e.g., construction specifications 
may call for the perforations to be placed vertically downward to avoid soil entrance 
into the pipe).

Bedding media can include standard materials used in civil engineering drainage 
systems, such as naturally rounded or crushed rock. Given the expense of these 
materials, alternative bedding media originating from waste materials have been 
used at many landfill sites, including chipped vehicle tires; mulch; crushed con-
crete, brick and other masonry; and crushed glass (Figs. 9.6 and 9.7).  Since  the 
limiting factors to liquids movement into the landfill is most likely the compacted 
waste, the bedding media must simply possess a permeability greater than the waste.

Because of its strength and flexibility, HDPE is the most commonly used pipe 
material with diameters of 3 or 4 in. being most common. Segments of HDPE pipe 
can be thermally welded inside or adjacent to the trench and the welding device 
moved as needed (Fig. 9.8). Many operators prefer to weld a long length of pipe at 
a central location and to drag the pipe into place (Fig. 9.9). PVC pipe has been suc-
cessfully used for horizontal injection trenches at some sites (Fig. 9.10; Townsend 
and Miller 1998), and since it can be solvent welded (glued) with readily available 
supplies,  it does not require  the thermal welding equipment necessary for HDPE 
installation. Given the possible stresses the pipe will be exposed to, however, HDPE 
is most common in current installations. An alternative to gluing or welding pipe 
includes leaving some sections of pipe unconnected and having a segment of larger 

Fig. 9.6  HDPE liquids distribution pipe in the process of being placed on top of a bottom bedding 
layer of crushed glass in a horizontal trench
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diameter pipe sheathed around two adjacent smaller diameter pipe ends to allow for 
future expansion and contraction.

Liquids addition pipes are perforated to allow for liquids distribution into the 
waste. At the flow rates commonly used, the size and spacing of perforations may 
differ based on site conditions to prevent preferential discharge into certain areas of 

Fig. 9.7  Placement of crushed glass on top of HDPE liquids distribution pipe in horizontal trench

Fig. 9.8  Welding HDPE pipe in trench during construction
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the trench. For example, engineers have employed specific, more complex patterns 
of smaller and varying hole sizes along with different spacing to achieve uniform 
flow distribution along the length of the pipe; the design procedures for this are 
common in manifold design for liquid outfalls. Given the experience that the limita-
tion to liquids addition into the trench will be the waste itself, for larger flow rates, 

Fig. 9.9  Pulling welded HDPE pipe with tractor to proximity of excavated trench

Fig. 9.10  Placement of shredded tires in liquids addition trench on top of PVC pipe
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the trench will fill regardless of the perforation scheme, and thus most engineers opt 
to provide more and larger perforations rather than incorporate a detailed manifold 
distribution design. Only in cases where lower flow rates are added (in a manner 
where liquid depths are not expected to build up) are more complicated designs war-
ranted. Typical orifice spacing is every 0.6–2 m (2–6 ft) with diameters of 0.5–
1.0  cm  (0.25–0.375  in.).  Pipes  can  be  purchased  pre-perforated,  although  some 
operators choose to drill orifices with landfill personnel using standard drilling tools 
(Fig. 9.11).

An important consideration in the construction of a liquids addition system is the 
recording of trench and pipe locations. Surveying pipe locations as they are installed 
is a recommended practice (Fig. 9.12). Many modern landfills are equipped with 
equipment that allows ready measurement of vertical and horizontal coordinates, 
and these devices can be used to routinely measure device location and elevation, 
with the results incorporated into the site’s record drawings. Detailed record keep-
ing with regard to device location may be required as part of the facility’s operating 
permit. Regardless of whether recording locational details is required, this informa-
tion is critical to evaluation of system performance and facilitates future construc-
tion activities and operation of other systems such as those for gas collection.

As described above, the placement of perforated pipes and permeable bedding 
material into trenches excavated into the surface of the landfill is the most common 
construction technique. Distribution pipes have been placed in trenches without 
bedding material (Townsend and Miller 1998), and devices constructed in this fash-
ion can provide liquids addition capability (though not initial liquids storage); the 
downside to this approach is potential damage to the pipe greatly limiting liquids 
distribution because of the absence of permeable bedding for liquids to flow through 

Fig. 9.11  Drilling orifices in HDPE liquids injection pipe
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the compromised pipe section. An installation technique with similar limitations 
was employed at a site using a trenching machine that directly installed perforated 
pipes on the top of a lift of waste (Figs. 9.13 and 9.14); however, this approach did 
provide for rapid pipe installation. Although horizontal or directional drilling have 
been discussed, no large-scale attempts at this technique for liquids addition have 
been reported. After installation of the pipe and bedding material, the excavated 
waste can be compacted back in place over the trench and possibly followed by a 
soil cover.

The horizontal liquids addition pipes are either constructed to individually exit 
from the side of the landfill where they can be connected to the manifold system, or 
bundled/connected together in groups within the landfill and exiting at common 
points. As discussed in Chap. 11, while individual pipe penetrations provide for a 
greater level of control, this results in increased maintenance and a greater potential 
for  side  slope  seepage.  Regardless  of  configuration,  a  setback  distance  of  non- 
perforated pipe coupled with no permeable bedding material must be included in 
the design and construction to minimize seepage and possible slope instability 
issues. A collar or plug of low permeability soil placed at the location where the 
perforations and bedding material stop and where the solid pipe exits the landfill is 
a common approach to minimize channeling of liquids along the pipe to the side of 
the landfill (Fig. 9.15).

Fig. 9.12  Surveying specific 
location of injection pipe 
during construction
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Fig. 9.13 Trenching machine used for installing horizontal injection pipe into the surface of a 
landfill lift

Fig. 9.14  Perforated HDPE injection pipe installed using a trenching device

9.2  Configuration, Construction and Materials
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9.2.2  Blankets

Horizontal blankets, also referred to as buried infiltration beds or galleries, consist 
of a pipe embedded in a highly permeable media laid over a much larger area of 
landfilled waste than a buried trench. Like horizontal trenches, this system is also 
installed as landfilling progresses (Fig. 9.16) and in some respects can be regarded 
as a buried infiltration pond. While the area demands are much larger than a trench, 
this larger area minimizes the need for pressurized injection to distribute liquids.

Effective blanket construction requires placement directly on the waste to avoid 
channeling concerns, so cover soil should be scraped from the waste surface prior to 
installation. Similar drainage materials as those described for injection trenches can 
be utilized, such as shredded tires (Fig. 9.17) and crushed glass. Another material 
proposed for use in permeable blankets is geonet, a geosynthetic material com-
monly used for leachate drainage in modern leachate collection and removal sys-
tems (see Chap. 2). Khire  and Haydar  (2005) used a 34 m by 12 m permeable 
blanket constructed with a 5-mm geonet sandwiched between a non-woven geotex-
tile on top and a woven geotextile at the bottom. To facilitate moisture distribution 
and to minimize channeling, the next waste lift should be installed directly on the 
blanket if the operation permit allows. Geotextile installation over the drainage 
layer merits consideration to prevent overlying sediment migration into the drainage 
media. Like the horizontal trench systems, basic survey information about the extent 
and constructed elevation of blanket systems should be recorded to assess system 

Fig. 9.15 Clay seepage collar construction at the end of a horizontal injection trench where pipe 
perforations start
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performance and to facilitate the construction of gas collection infrastructure and 
similar engineered landfill components in the future. It is important that the liquid 
feed pipe be properly designed, constructed, and protected during landfill operation 
to avoid pipe damage, because significant damage would result in the loss of liquids 
addition capacity to that blanket. Redundant liquid feed pipes may provide a factor 
of safety against pipe crushing compared to using a single pipe.

Fig. 9.16 A horizontal drainage blanket of crushed glass installed on a landfill lift

Fig. 9.17 A horizontal drainage blanket of shredded tires installed on a landfill lift

9.2  Configuration, Construction and Materials
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9.2.3  Combined Systems

Seeps can be problematic with pressurized horizontal liquids addition systems (see 
Chap. 11), and a common route for leachate to channel to the landfill side slope is the 
pathway created by the trench and the pipe. Some designers and operators thus opt 
to connect multiple horizontal trenches and blankets together within the landfill, 
which results in fewer penetrations to the side of the landfill. Horizontal systems also 
have the potential to be utilized in conjunction with vertical systems. One example 
of this approach would be the construction of horizontal trenches or blankets 
throughout the progression of the landfill, but without the connection to exit lines 
leaving the landfill. At a later time, vertical wells could be drilled into the landfill 
with the purposeful intention of intercepting the buried horizontal devices (Fig. 9.18). 
This would require careful surveying of device locations, especially trenches, so a 
hydraulic connection can be made. Liquid would be added to the vertical entry 
points on the surface of the landfill, but the liquids addition capacity would be much 
larger than a typical vertical well.

9.3  Design Methodology

The design process begins with determination of the target volume of liquids to be 
added to the landfill and the determination of the rate at which that volume will be 
added to the landfill. Chapter 6 provides information for completing these design 
steps. Once the target liquids addition volume and flow rate have been determined for 
the landfill as a whole, the design must include the individual horizontal devices and 
their operating conditions, with ultimate integration into a design of multiple devices 
comprising the complete system. The design of an individual horizontal device 
includes specification of the trench configuration and materials, the length of perfo-
rated pipe, and the flow and/or pressure at which the device should be operated.

Similar to the design of a vertical system, horizontal system design entails locat-
ing a sufficient number of horizontal trenches (or blankets) throughout the landfill 
and designing a delivery system to convey liquids to each of the liquids addition 
devices. The design engineer should aim to efficiently distribute liquids throughout 
the landfill by systematically locating trenches within a set of established  boundaries. 
These boundaries might include the anticipated saturated zone of adjacent trenches, 
slopes, the landfill surface, and the landfill bottom.

To design within these constraints, two major design parameters must be identi-
fied for a given landfill: (i) the flow rate that can be added to a given horizontal 
device and (ii) the shape of the saturated zone that results from adding that flow rate 
to the horizontal device. Both the flow and dimensions of a saturated zone can be 
predicted by the engineer for a given design configuration, landfill properties, and 
operation conditions using a combination of historic performance from similar 
facilities and predictive tools resulting from fluid flow modeling techniques; both 
are discussed in the remainder of this chapter.
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Figure 9.19 illustrates the typical performance of a pressurized horizontal liquids 
addition system at the beginning of operation (data from Alachua County Southwest 
Landfill; see Chap. 4). When liquids are first added, resulting back pressures are 
low; as the pipe and trench fill with liquid, followed by saturation of void space in 
the surrounding waste, the back pressure increases. The linear flow rate (flow rate 
per length of pipe or trench) decreases as a function of the characteristics of the 
pump (results from a centrifugal pump are shown). The relationship between linear 
flow rate and pressure is described as fluid conductance (κ); Fig. 9.19 shows a rapid 
decrease in fluid conductance after the initial start of operation, followed by rela-
tively steady conditions.

Fig. 9.18  Illustration of combining vertical and horizontal liquids addition (a) The selected area is 
backfilled with permeable media (b) Successive waste lifts have an area backfilled with permeable 
media in a fashion similar to that shown in (a) (c) A vertical well is drilled through the horizontally-
constructed permeable media beds and the screened section intersects with each permeable layer
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While liquids addition may be practiced in a continuous fashion, operators 
more commonly operate such systems intermittently as a result of landfill opera-
tion time limitations, availability of liquids, and necessity for inspection. 
Figure 9.20a provides an example of typical fluid conductance results for intermit-
tent pressurized liquids addition (data from Polk County North Central Landfill; 
see Chap. 4). At the beginning of each liquids addition cycle, fluid conductance 
starts high and quickly drops to a steady value. When presented as a function of 
cumulative time (Fig 9.20b), the fluid conductance is observed to return to the 
previous steady conditions relatively soon, although over time the fluid conduc-
tance slowly decreases.

Figure 9.21a illustrates the change in pressure in response to stepped changes in 
liquids addition rate to a horizontal trench. The fluid conductance displays a rela-
tively consistent pattern, with an initial drop as the available void space in the pipe, 
trench, and spacing and surrounding the waste are filled, followed by a steadily 
decreasing flow rate as more pressure is required to distribute the liquids into the 
waste  through  an  expanding  saturated  zone. Horizontal  lines  that  have  not  been 
operated for extended periods often encounter an initial period of resistance (higher 
pressure) at the start of liquids addition as a result of the gas pressure built up in the 
pipe (Townsend et al. 1994).

Fig. 9.19  Performance for a pressurized horizontal liquids addition device (a) linear flow rate and 
pressure, (b) fluid conductance

9 Buried Horizontal Systems for Liquids Addition

http://dx.doi.org/10.1007/978-1-4939-2662-6_4
A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Highlight
compression and decomposition result in smaller pore volumes with time

A Bazargan
Highlight

A Bazargan
Highlight



205

The fluid flow modeling techniques discussed in Chap. 5 can be used to examine 
the distribution of liquids into the waste surrounding a horizontal liquids addition 
device as a function of operating conditions and landfill properties. Several authors 
have presented examples of the use of such modeling for horizontal trenches and 
blankets  in  landfills.  In  an  effort  to  estimate  the  zone  of  influence  of  horizontal 
trench, Townsend (1995) developed an equation describing flow through a horizon-
tal line source in a porous medium based on saturated and steady-state conditions. 
McCreanor and Reinhart (2000) numerically simulated fluid flow from horizontal 
injection trenches using SUTRA; the impacts of waste heterogeneity and anisotropy 
were investigated, but operating conditions such as injection pressure, and flow rate 
at the trench, which is an important operation variable, was not examined. Haydar 
and Khire (2005) numerically modeled fluid flow from horizontal trenches using 
HYDRUS-2D and examined  the  steady-state flow  rate  as  a  function of  injection 
pressures, trench geometry and size, hydraulic conductivity of the trench backfill, 
and horizontal and vertical trench spacing. Jain et al. (2010a, b, 2013) modeled 

Fig. 9.20 Comparing fluid conductance change with time for a pressurized horizontal liquids 
addition (a) actual time (intermittent liquids addition), (b) cumulative operating time
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liquids flow from horizontal trenches as a function of media properties (e.g., waste 
hydraulic conductivity, porosity), trench dimensions, and operating pressure and 
developed design charts to estimate both steady-state and transient flow rates and 
lateral and vertical zone of impact; this approach will be presented in greater detail 
in the following sections.

As an illustration of what the typical output results from a simulation of fluid 
flow into a horizontal liquids addition devices, Fig. 9.22 and 9.23 present the output 
of SEEP/W simulations for a horizontal trench and a horizontal blanket operated 
continuously under constant pressure. The data presented in these figures (flow rate, 
extent of lateral and vertical wetted front movement with time) illustrate typical 
outcomes for such a simulation, and the magnitudes are only reflective of the spe-
cific scenario and conditions modeled. As liquids are added, the flow rate drops 
notably in the first part of operation, followed by a relatively steady flow that 
decreases slowly with time. The decrease in flow rate corresponds to the expanding 
wetted zone around the device.

Fig. 9.21  Pressurized horizontal liquids addition performance in response to changing operating 
conditions (a) flow rate and pressure, (b) fluid conductance
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Fig. 9.22  Example output of from a SEEP/W simulation of pressurized liquids addition into a 
horizontal trench
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9.4  Flow Rates

9.4.1  Operational Experience

The performance of horizontal liquids addition systems has been studied at a 
 number of landfill sites. Some of the data reported provide either total volumes or 
general ranges of liquids added, but without corresponding addition pressures, 

Fig. 9.23  Example output of from a SEEP/W simulation of pressurized liquids addition into a 
horizontal blanket
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addition times, or operational characteristics. Miller and Emge (1997), for example, 
reported the qualitative performance of horizontal injection trenches in distributing 
liquids to MSW in a landfill. In a review of leachate recirculation rates for several 
different landfills, Bareither et al. (2010) reported volumetric dosing rates to range 
from 0.178 to 0.939 m3 per m of pipe (for dosing periods of less than 1 day).

Townsend and Miller (1998) evaluated the hydraulic performance of horizontal 
injection  trenches  at  a  lined  landfill  in  FL,  US  (Alachua  County  Southwest 
Landfill; see Chap. 4). Leachate was recirculated into the waste mass using 7.6-
cm (3-in) diameter perforated horizontal injection lines installed in 1 m by 1 m 
(3.3 ft by 3.3 ft) horizontal trenches and at three different depths during landfill 
operation; shredded tires were used as a bedding media in most of the lines. The 
trenches were approximately 33 m (100 ft) apart horizontally and 4.5 m (15 ft) 
apart vertically. The lengths of the injection lines ranged from 100 to 220 m (330–
720 ft). Approximately 30,000 m3 (7.9 million gal) of leachate were recirculated 
over a period of 19 months. All the injection lines were characterized in terms of 
flow rates and associated leachate back-pressures. The maximum leachate recir-
culation rate per unit length of injection line was reported to be 3.0 × 10−3 m2/min 
(0.22 gpm/ft). The fluid conductance ranged from 9.9 × 10−5 to 5.4 × 10−4 m/min 
(0.00243–0.0113 gpm/ft2). Trenches without bedding initially had lower fluid 
conductance values, but with time, these values approached those in the trenches 
with shredded tires. Fluid conductance values were lower for those trenches bur-
ied deeper in the landfill.

Pressurized liquids addition into buried horizontal trenches were closely moni-
tored at the Polk County North Central Landfill (see Chap. 4). Leachate was recir-
culated into more than 100 trenches (approximately 1 m deep by 1 m wide) with 
lengths up to 220 m (720 ft). Distribution pipes were constructed of 10-cm (4-in.) 
diameter HDPE with 0.95-cm diameter perforations (0.375-in). Bedding materials 
used included shredded automobile tires and broken glass. In several cases no bed-
ding material was used (excavated waste was placed back into the trench after pipe 
installation). More than 100,000 m3 (25 million gal) of leachate were added to the 
landfill. Larson (2007) and Kumar (2009) measured fluid conductance values, 
which were found to decrease with the cumulative volume of liquids added. For 
trenches where a cumulative 1.24 m3 of leachate per m of pipe (100 gal per ft) were 
added, the average κ was 1.2 × 10−4 m/min (0.029 gpm/ft2), ranging from 2.1 × 10−4 
to 5.2 × 10−3 m/min (0.005–0.13 gpm/ft2). For trenches where a cumulative 2.48 m3 
of leachate per m of pipe (200 gal per ft) were added, the average κ was 4.9 × 10−4 m/
min (0.012 gpm/ft2), ranging from 9.8 × 10−5 to 2.0 × 10−3 m/min (0.002–0.05 gpm/
ft2). Measured κ values were similar for shredded tires and crushed glass. In the first 
stages of liquids addition, κ values for trenches with bedding were greater than 
those without bedding media, and were greater for trenches closer to the surface 
compared to deeper locations in the landfill. As liquids addition proceeded, these 
differences decreased.

Doran (1999) reported field experience with leachate recirculation using hori-
zontal injection lines at a landfill in Minnesota. Leachate was recirculated into a 
5.2-ha (12.8-acre) landfill using a set of 11 injection lines installed in a 0.6 by 0.6 m 

9.4   Flow Rates

http://dx.doi.org/10.1007/978-1-4939-2662-6_4
http://dx.doi.org/10.1007/978-1-4939-2662-6_4
A Bazargan
Highlight

A Bazargan
Highlight
do the math to calculate MAX m3/m.day leachate flow...3E-3*60*24=4.3 m3/m.daythis was MAXif 30,000 m3/19 month3 lines150 m eachtotal lengh = 450 m19*30=570 days30,000/(450*570)=0.12bottom of range compared to previous paper (very approximate)

A Bazargan
Highlight

A Bazargan
Highlight



210

(2 by 2 ft) trench. A total of approximately 1,500 m3 (0.4 million gal) of leachate 
was recirculated using horizontal injection trenches. A flow rate of approximately 
2.2 × 10−4 m3/min-m (25 gpm/ft) of injection line was used. The maximum flow rate 
was reported to be 0.38 m3/min (100 gpm) (Doran 1999). Less information is avail-
able regarding blanket performance; Khire and Haydar (2005) report adding leach-
ate to a buried horizontal blanket at rates ranging from 0.9 to 2.6 m3/h per m of 
blanket width.

9.4.2  Flow Estimation Methods

Similar  to  the  design  methods  for  vertical  systems  (presented  in  Chap.  8), the 
designer can estimate the achievable flow into horizontal devices using a fluid flow- 
modeling program. Example modeling output was presented previously in Figs. 9.22 
and 9.23 for both a buried horizontal trench and a blanket, each simulated at con-
stant pressure. Again, similar to both surface systems and vertical wells, the flow 
rate decreases with time as the wetting front expands into the landfill, ultimately 
reaching a steady-state condition.

Several methods have been developed that provide a simplified approach to esti-
mate achievable flow into buried horizontal devices without the need for modeling. 
Xu et al. (2014) conducted a series of SEEP/W simulations for a range of operating 
conditions and developed best-fit relationships to predict achievable flow into hori-
zontal trenches. The following relationship for flow rate was developed:

 
Q K P Az= × × ×1 82.

 
(9.1)

where Q = the flow rate per unit blanket length (L3 T−1 L−1); A = waste anisotropy 
(Kx/Kz); and P = injection pressure (L). The ratio of Q/KZ represents the fluid con-
ductance (κ).

Jain et al. (2010b) developed an approach using dimensionless parameters and 
design charts to estimate steady-state flow rate in a buried horizontal liquid addition 
device. The approach was developed to be equally applicable to trench and blanket 
systems. SEEP/W simulations were conducted over a range of conditions that would 
reasonably be encountered at a landfill site. The parameters evaluated included the 
depth and width of the trench or blanket, and the pressure within the device, which 
could be a hydrostatic pressure either less than or greater than the thickness of the 
trench. The simulation results were used to formulate dimensionless parameters and 
design charts to allow for the determination of steady-state flow. The simulation results 
were presented in a series of dimensionless charts to broaden the scope of application 
for the results beyond the range of individual parameter values used for modeling.

The first step in determining steady-state flow rate is calculation of the dimen-
sionless variable η as follows:

 
h = ×

w

l
A

2

2

 
(9.2)
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Where w is the depth of the trench, l is the width of the trench, and A is the 
anisotropy (KX/KZ). The variable η indicates the dominant flow direction, vertical or 
horizontal. A low η value signifies a flow dominant in the vertical direction, whereas 
a high η value indicates a flow primarily in the horizontal direction. A trench would 
tend toward a greater η value compared to a blanket.

The designer then identifies a target injection pressure head (pI). Trenches are 
frequently operated at liquid pressures that exceed the depth of the trench. For blan-
kets, depending on the thickness and area of the blanket, the liquid pressure may be 
limited to a liquid depth less than the thickness of the blanket (in this case, the liquid 
depth is treated as the depth of the device). Dividing the target injection pressure 
head (in units of water column depth) by the depth of the trench, the dimensionless 
injection pressure head, pID, is calculated as:

 
p

p

wID
I=

 
(9.3)

Now that the values of pId and η have been determined, the steady-state dimen-
sionless flow rate, qs, for a horizontal source can be estimated using the chart pre-
sented in Fig. 9.24.

Figure 9.24 is similar to Fig. 7.9 presented in the discussion of surface systems 
(Chap. 7), but provides PID values greater than 1; this allows for the consideration of 
the pressurized addition only possible in a buried system (not a surface source).

Once qs has been estimated, the steady-state flow rate (QS) into the horizontal 
device can be calculated as

 
Q q l Khs z= × ×

 
(9.4)

where the terms are the same as previously defined.

Fig. 9.24 Design chart for estimating steady state flow (qs) into a horizontal source (trench or 
blanket)
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9.5  Saturated Zone Profiles

The ability to estimate the size and shape of the saturated zone surrounding a hori-
zontal trench can be a helpful tool for the designer in determining the appropriate 
location and spacing of devices. Again, flow patterns are idealized and the designer 
must factor this into the final design. Figure 9.20 presents a definition sketch of 
critical parameters associated with the system modeled.

Townsend (1995) developed an equation to estimate the steady-state zone of 
influence of a horizontal injection trench, as shown in (9.5)
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This can be expressed in a form such that Z can be solved directly and a saturated 
zone profile can be easily plotted.
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This relationship was derived on the assumption that the injection trench could 
be treated as a line source and the surrounding media was homogenous. Based on 
Townsend’s equation, the maximum upward movement (Zmax) and lateral spread of 
moisture from the trench (Xtrench) are presented in (9.7) and (9.8), respectively.

 

Z
Q

K Kx z
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(9.7)
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(9.8)

Once the injected liquid reaches the maximum lateral distance, gravity and the 
saturated zone will only expand in the vertical direction until it reaches the leachate 
collection system (neglecting any channeling or preferential lateral flow paths). 
Using Townsend’s Equation, the maximum lateral spread distance (Xtrench,max) can be 
calculated, as shown in (9.9).

 

X
Q

Ktrench
z

,max =
2

 

(9.9)

Xu et al. (2013), as part of the work referenced in the previous section, developed 
a series of equations based on SEEP/W modeling results  to predict  the saturated 
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zone surrounding a horizontal liquids addition trench. With this approach, the  
lateral spread of liquids from a horizontal trench at the maximum distance from the 
trench (Xtrench, max)  can  be  determined. Using  the  estimate  for Q  for  a  horizontal 
trench (9.1), Xtrench,max can be solved as:

 

X
Q

K

K A

K
Atrench

z

z

z
,max

.
.= =

× ×
= ×

2

1 82

2
0 91

P
P
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When Xu et al. (2014) simulated the zone of saturation surrounding a horizontal 
trench over a range of typical landfill conditions and used this to develop an equa-
tion for the saturated zone, the results differed somewhat from the solution pre-
sented in (9.5) and (9.6). The lateral spread at the trench was found as:

 
X Xtrench = 0 65. max  (9.11)

Which is 30 % greater than that estimated by the Townsend (1995) equation. In 
a similar manner, Xu et al. (2014) also modified the Townsend (1995) equation for 
the shape of the saturated zone as follows:
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where R is a correction factor defined as:
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(9.13)

With this equation, a modified form of the saturated zone equation presented 
earlier can be calculated that better reflects the results of modeled porous media 
flow simulations.

9.6  Device Spacing

The engineer must specify the number of horizontal devices for installation and 
their locations. The information presented in Sect. 9.4 allows the engineer to esti-
mate the flow rate that can be added to a given horizontal device. This, coupled with 
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the liquid addition targets discussed in Chap. 6, can be used to provide a preliminary 
estimate of the number of devices.

Engineers often specify device spacing based on the distance needed to provide 
adequate moisture distribution within the landfill. The methods in Sect. 9.5 allow 
for the estimation of steady state zones of impact of a line source, and thus may be 
useful for device spacing. However, the engineer should also factor operating time 
into the design. The time needed to reach steady state may be large, and thus in 
cases where more rapid coverage is desired, closer spacing may be necessary. Jain 
et al. (2010b) provides a methodology for determining the time needed to reach 
steady-state conditions.

Design charts developed in the Jain et al. (2010b) approach allow Xtrench to be 
solved as a function of the steady state dimensionless flow rate, qs. The equations 
developed by Townsend (1995) and Xu et al. (2014) corresponded to a line source, 
whereas design chart developed by Jain et al. (2010a, b) can be used to estimate the 
zone of impact of a horizontal source as a function of not only waste properties but 
source (trench or blanket) dimensions as well. The following equation defines xIds, 
which is equivalent to the ratio of Xtrench at steady-state (Xtrench,s) and the trench 
width, l (see Fig. 9.25).

 
x

x

lIds

trench s= ,

 
(9.14)

Once the designer estimates dimensionless flow rate (qs) for selected source 
dimensions, injection pressure, and waste properties, qs can be used to estimate XIds 
using the design chart presented in Fig. 9.26.

Using (9.14), Xtrench occurring at steady state can be determined. As discussed 
earlier, in order to reach steady state, a certain volume of liquids must be added to 
the device to fully saturate the surrounding zone of impact. Figure 9.27 provides the 
relationship between the dimensionless parameter, η, the dimension injection 

Fig. 9.25 Definition sketch for major dimensions associated with estimate of pressurized liquids 
addition into a buried horizontal device in a landfill
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 pressure head (PId), and the critical number of pore volumes, Vn,critical, required to 
reach steady-state for a single device.

To evaluate the suitability of the pore volume to meet the design and operation 
objectives of the system, the total volume of liquids needed to achieve a fully satu-
rated zone at steady state should be calculated. This value, along with the necessary 
time required to reach steady state, can be used to determine a suitable design 

Fig. 9.26 Design chart for xIds as a function of qS

Fig. 9.27  Vn, critical as a function of η for varying pId
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 spacing. The volume of liquids added to a single device required to form a fully 
saturated zone at steady state, Vt,critical, can be determined as follows:

 

V
V

lwn critical
t critical

n r
,

,=
-( )q q

 

(9.15)

where (θn − θr) is the drainable porosity of the waste.
The designer can estimate the magnitude of Xtrench at any volume added less than 

steady state (Vt) using Fig. 9.28, which presents a design chart the ratio of Xtrench to 
Xtrench,s as a function of Vt to Vt,critical. Figure 9.28 shows the range of modeling result 
for Jain et al. (2013); this figure demonstrates that approximately 80–90 % of Xtrench,s 
is reached by adding only 40 % of Vt,critical. Utilizing the ratio found using Fig. 9.28, 
Xtrench can be estimated; an appropriate spacing for horizontal wells would be a 
value twice that of Xtrench.

The designer may also need to predict the depth of the saturated zone beneath the 
trench as part of evaluating appropriate device spacing (ZI; see Fig. 9.25). Figure 9.29 
presents a design chart for estimating the magnitude of ZI that would occur when 
Xtrench reaches steady state (ZI,S). Figure 9.29 plots the ZI,S as a function of the ratio of 
Vn,critical to qs; determination of both of these values has previously been presented.

In a similar manner as described for Xtrench, the value of the H that occurs prior 
to steady state conditions can be estimated. Figure 9.30 presents the XI/XI,S as a 
function of Vt to Vt,critical. A line segregating the simulation results into two groups 

Fig. 9.28 Design chart for the fraction of maximum lateral extent (Xtrench/Xtrench,s) attained as a 
function of Vt/Vt,critical
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Fig. 9.29 Design chart for zIds as a function of qS

Fig. 9.30 Fraction of maximum vertical extent (zIs) attained as a function of fraction of volumes 
of moisture needed (Vt, critical) to reach steady state
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(η ≤ 10−4 and η > 10−4) is shown; data from simulations with η > 10−4 fell above the 
line, whereas data from simulations with η ≤ 10−4 fell below the line. Approximately 
40–55 % of the vertical zone of impact can be achieved with the addition of 40 % 
of liquids volume needed to achieve the steady-state vertical extent of the zone 
of impact.

Finally, the time to reach the steady state (tds) can be estimated with an estimate 
of the ratio of Vn,critical to qs. The design chart (presented in Fig. 9.31) can also be used 
for estimating the ratio of the average flow rate resulted from an given liquids addi-
tion pressures to flow rate resulting at steady state; this value would be equal to the 
value of Vt/Vt,critical divided by the value of t/ts.

9.7  Operation, Monitoring and Closure

An operations plan for the horizontal liquids addition system should be prepared by 
the design engineer and included as part of the site’s overall operations plan (see 
Chap. 3). Specific operation details will include target injection lines, liquids addi-
tion rates, operation times, and operation pressure. The engineer will specify these 
parameters based on the objectives of the system, site-specific constraints, and 
using the design methodology outlined in the previous sections. At sites where land-
fill gas collection is employed, the designer must closely integrate construction and 
operation considerations of horizontal recirculation systems with the phasing and 
operation of gas collection systems (see Chap. 13).

Fig. 9.31 Design chart for tds as a function of Vn,critical/qs
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While completely automated systems can be designed and constructed, most 
designers elect to implement systems that still require routine operator interaction 
that is largely manual. Similarly, while liquids addition can be practiced over a 24-h 
period, many designers elect to implement systems that only are operated during 
working hours and thus involve a startup and shutdown effort on a daily basis. This 
allows the operator flexibility to collect data largely corresponding to periods where 
the system is operating and reduces the likelihood that issues (e.g., seeps) occur 
during hours when the landfill is not open. Typical operator duties are described in 
more detail in Chap. 15, but entail initial inspection, setting of appropriate valve 
settings, system startup and initial adjustment, monitoring and recording of data, 
and shutdown. Performance data should be routinely recorded.

Similar  devices  as  those  used  for  horizontal  liquids  addition  are  also  used  at 
many sites for gas collection (see Chap. 13). Thus, designers and operators may try 
to use horizontal lines for the dual purpose of liquids addition and gas collection. 
Experience by many operators attempting this, however, has shown that after sub-
stantial amounts of liquids have been added (i.e., those needed to achieve the type 
of moisture distribution described in the previous sections) these devices are not 
effective for gas collection (Townsend et al. 1994). While waste decomposition may 
be enhanced thus producing more biogas, the pore space surrounding the liquids 
addition devices is largely filled with liquids, which ultimately restricts gas travel to 
the device. The use of liquids addition devices for gas collection is discussed in 
greater detail in Chap. 13.

When horizontal liquids addition devices are no longer used (for liquids addition 
or gas extraction), they need to be appropriately abandoned. In addition to removing 
manifold pipe and associated infrastructure, this should include necessary capping 
(and possibly plugging) of the pipes and potentially placing low permeability soil or 
concrete over the pipe penetrations. Failure to adequately seal the pipes could result 
in future leachate seeps or gas escape along the preferential paths resulting from the 
trench and pipe.
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Chapter 10
Leachate Collection and Removal  
Systems (LCRS)

Abstract The basic function and importance of leachate collection and removal 
systems are first presented in Chap. 2, but Chap. 10 significantly expands this intro-
duction and provides a discussion of the major design and operation considerations 
of LCRS in the context of sustainable landfilling. Leachate impingement on bottom 
liner systems, techniques to predict leachate head on the liner as a result of added 
liquids, settlement considerations, and clogging mechanisms and avoidance proce-
dures are presented. Each LCRS concept is presented with a particular focus on how 
sustainable landfilling approaches can influence the designer’s and operator’s 
approaches to prevent excessive build-up of liquids on the bottom liner system, 
which is one of the most critical pieces of infrastructure that protects the environ-
ment from potential impacts of landfills.

Keywords  Landfill  • Bioreactor  • Leachate  • Recirculation • Collection • Pipe • 
Clogging

10.1  Leachate Removal Fundamentals

The function and general configuration of the leachate collection and removal 
 system (LCRS) were described in Chap. 2. For landfills with elevated moisture 
content, either as a result of purposeful liquids addition, site stormwater manage-
ment practices, or incoming waste properties, the importance of the LCRS for a 
lined landfill cannot be overstated; this chapter is thus devoted to this landfill com-
ponent. The LCRS will in most regulatory jurisdictions be required to maintain 
leachate depth on the liner to less than a specified threshold (in the US, this depth is 
less than 0.3 m). Moreover, a properly functioning LCRS is critical to limit leachate 
discharges from seepage at the landfill base (refer to Chap. 11) and to minimize 
slope stability problems (refer to Chap. 12). Therefore, the successful removal of 
liquids from a LCRS is an important component of all landfill designs, especially at 
facilities practicing sustainable operation by accelerating waste stabilization.

The components of a LCRS include a liner system graded (sloped) to promote 
gravity drainage, drainage media to route the liquids rapidly off of the liner to tar-
geted conveyance points, drains consisting of perforated pipes, and pumping sys-
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tems to remove leachate from the landfill. In essence, the LCRS is a high-permeability 
drainage layer placed between the low-permeability liner system and the waste. 
Other components of the LCRS include its accompanying pipes and sumps and a 
liquids removal system. Leachate removal is accomplished by gravity drainage 
from sheet flow over the sloped liner, as well as from rock drains and perforated 
pipes that intercept the sheet flow at intervals necessary to minimize the depth of 
ponded leachate on the liner. The rock drains and pipes route the leachate to a low 
point (i.e., sump) from which the leachate is periodically pumped from the landfill 
or allowed to gravity drain to a collection point outside the landfill. In some cases, 
the pipes penetrate the liner system and discharge leachate to an external pump sta-
tion (Fig. 10.1a). Alternatively, pumps can be installed within the landfill unit 
(Fig. 10.1b).

Fig. 10.1 Illustration of two methods for pumping leachate from the landfill (a) internal pump 
station (b) internal pump station
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The specific configuration of a LCRS will be dictated by regulatory require-
ments (e.g., permitted depth on the liner), site constraints (e.g., area, available 
grades, presence of the groundwater table), leachate management (e.g., the practice 
of liquid addition), and availability and selection of drainage materials (e.g., sand, 
rock, geocomposite). For example, the number of drains required may vary tre-
mendously depending on whether rounded stone or sand is available. Sites practic-
ing liquids addition or those managing wetter wastes will require more robust 
collection infrastructure than conventional sites. While possible configurations for 
LCRS design are many, two extremes in design configuration are illustrated in 
Fig. 10.2. One configuration presents the case where multiple drains are employed 
(this is often called a saw-tooth configuration). In the other scenario, sheet flow 
dominates and a minimal number of drains are used (sometimes referred to as a 
planar configuration). A multi-drain configuration would be required where less 
permeable drainage materials such as sand are used, whereas planar systems can be 
utilized if the LCRS is constructed with more permeable drainage media such as 
rock or a geocomposite.

The use of liquids addition or leachate recirculation at a site can influence 
LCRS design in three primary ways. First, the increased leachate impingement 
rate (flow of leachate intercepted by the liner and LCRS) requires more flow 
removal capacity. Second, the increased unit weight of the waste, a result of the 
elevated moisture levels and increased waste decomposition, results in greater 
overburden stress being placed on the landfill foundation, which can, in turn, result 
in greater differential settlement over the sloped base of the landfill. Accordingly, 
the slope change of the LCRS due to subsurface settlement needs to be taken into 
account to ensure adequate drainage and to avoid leachate ponding on the liner. 

Fig. 10.2 Illustration of two typical leachate collection and removal systems (a) planar, (b) saw 
tooth

10.1  Leachate Removal Fundamentals
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Third, the potential for clogging the LCRS must be considered. If the LCRS clogs, 
the hydraulic conductivity of the drainage material decreases and the drainage 
performance of the LCRS may be reduced. Greater volumes of leachate passing 
through the LCRS may result in additional clogging concerns.

This chapter provides a fundamental overview of LCRS design and operation 
issues that should be assessed as part of the planning and implementation for any 
landfill, especially when liquids addition is practiced and at landfills with inherently 
high moisture levels. Readers are encouraged to consult additional references for 
more specific landfill design methodologies that pertain to LCRS design (McBean 
et al. 1995; Qian et al. 2002).

10.2  Predicting Leachate Impingement

10.2.1  Impingement Basics

Leachate impingement is the rate that leachate percolates from the base of the 
landfilled waste into the LCRS and is expressed in units of flow rate per unit area 
(L3/T per L2). Where liquids addition is practiced, the impingement rate is expected 
to be greater compared to a traditional landfill. Although added liquid will at first 
remain in the waste, once field capacity is reached, some fraction of the added 
moisture will migrate through the waste and intercept the LCRS. The concept of 
field capacity and how it is typically used in estimating moisture addition volumes 
was discussed in Chap. 6.

The engineer must make an appropriate assumption for impingement rate as part 
of the LCRS design process. Approaches for determining impingement rate include 
(i) using leachate flow data collected from similar landfills already in operation, (ii) 
conducting a landfill water balance, and (iii) using conservative estimates of 
hydraulic conductivity of the waste and factoring possible impacts of any liquid 
addition, as appropriate. While using existing leachate flow data from other sites to 
estimate impingement (by normalizing leachate flow to the contributing landfill 
area) provides a valuable comparison, possible differences in site features and oper-
ation in most cases still necessitates an independent estimate of impingement for 
the design proposed.

In Chap. 5, methods for predicting moisture flow in landfills and performing 
landfill water balances that forecast leachate generation were reviewed. Several 
approaches of differing complexity may thus be employed to estimate impinge-
ment; however, in some locations (e.g., US), regulatory agencies require use of a 
standard methodology, the HELP model. A description of HELP was provided in 
Chap. 5, and the following section summarizes issues of importance when applying 
HELP to predict impingement at landfills where liquids addition is practiced.
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10.2.2  Prediction Using HELP

As presented in Chap. 5, the HELP model is a widely used tool for performing a 
water balance on landfills and it includes features that allow for simulation of liq-
uids addition (Schroeder et al. 1994). Most engineers utilize HELP output results to 
determine (a) the maximum head on the liner and (b) the leachate generation rate 
necessary for sizing the various components of the leachate removal and manage-
ment system. Inherent in these data is the impingement rate, which HELP provides 
as an output both in LT−1 units and L3T−1 units (the L3 T−1 units correspond to the 
input area designated in the HELP simulation). The maximum impingement rate is 
the lowest saturated hydraulic conductivity of the profile layers above the liner, but 
is not greater than maximum daily infiltration rate.

Xu et al. (2012) presented a discussion of the different techniques that can be 
used as part of HELP simulations to account for liquids addition in landfills and to 
predict the resulting impingement rate, and these techniques are summarized herein. 
The  HELP  model  provides  several  options  for  incorporating  additional  liquids 
beyond  rainfall,  including utilizing  the HELP model’s  leachate  recirculation  fea-
ture, the model’s subsurface inflow feature, and a technique referred to as the rain-
fall modification method, where precipitation inputs are manipulated to approximate 
liquids addition.
The leachate recirculation feature (LRF) in HELP’s soil and design input screen 

allows the user to define a percentage of the leachate generation collected in the 
LCRS to be added to a designated landfill layer and is conceptually illustrated in 
Fig. 10.3. The LRF method is widely applied when simulating a landfill where the 
primary motivation is to manage leachate through recirculation, but not to bring the 
landfill to optimal conditions for waste stabilization. The LRF method does not 
allow the designer to simulate the addition of a specific volume of liquid to a waste 
layer and can only simulate the recirculation of a defined percentage of leachate 

Fig. 10.3  Schematic of liquids addition methods used in the HELP leachate recirculation method
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collected from the LCRS. For modeling the scenario where a specific liquid volume 
will be added (e.g., to reach field capacity), the ability to select the actual volume of 
liquid injected into a layer is necessary.
The subsurface inflow (SSI) feature of HELP simulates lateral groundwater flow 

into a defined layer in the simulated landfill (Schroeder et al. 1994). Contrary to the 
leachate recirculation feature which allows liquid to be added to just one layer, the 
SSI feature permits the addition of a specified volume of liquid to any number of 
layers (conceptually illustrated in Fig. 10.4). With this feature, the liquids addition 
rate is constant throughout a simulation and liquids are added continuously. Since 
liquids addition systems at operating landfills are frequently operated intermittently, 
and because flow rates can vary dramatically from day to day, the SSI feature in 
HELP (which is based on an average liquids addition rate) might underestimate the 
maximum impingement rate.

The third method, referred herein as the rainfall modification (RFM) method, 
uses the weather data files in the weather data input screen to simulate liquids addi-
tion by adjusting the evapotranspiration and runoff inputs, and by modifying the 
precipitation data files to account for the liquids added to the landfill. It allows for a 
defined volume of liquid to be added and distributed daily throughout the year into 
any layer, as conceptually illustrated in Fig. 10.5. The RFM method is the only 
HELP  liquids  addition method  that  can  simulate  specific  changes  in  the  liquids 
addition regime throughout the year. To model leachate recirculation using the RFM 
approach, layers of a landfill are divided into several groups, depending on the 
leachate addition scheme. The surface layers above where liquids are added are 
simulated in HELP as normal. The leachate impingement rate migrating from the 
surface layer is obtained from the output file and added to the leachate volume for 
recirculation, and these values serve as the input rainfall file for the next layer. The 
rainfall data and evapotranspiration climate inputs must be modified for underlying 

Fig. 10.4  Schematics of liquids addition methods used in the HELP subsurface inflow method
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waste layers, which are not affected by external weather conditions. Since the RFM 
allows for daily control of the added liquid volume, any combination of liquids 
addition can be simulated. The RFM can simulate temporal and limited spatial vari-
ation of liquids addition, which allows for a more realistic assessment of potential 
impingement changes as a result of liquids addition system operation.

Xu et al. (2012) also provided several observations regarding other aspects of 
HELP the designer should consider for landfills where liquids addition is practiced. 
Selecting an appropriate model simulation time is important. An insufficient model-
ing period may not capture the leachate entry into the LCRS. Even if the design 
objective is for the majority of the added liquid to remain within the landfill as 
stored moisture (i.e., utilizing absorption capacity), the LCRS must be designed 
with sufficient capacity to handle the increased impingement rate occurring under 
fully wetted conditions.

The designer should also closely evaluate the appropriate input waste character-
istics used in the model input. The HELP default for hydraulic conductivity of the 
waste, for example, may be too large. An early HELP default for hydraulic conduc-
tivity was 1 × 10−3 cm/s, and the current default is 2 × 10−4 cm/s for compacted MSW 
(Schroeder et al. 1994). As described in Chap. 5, this value is likely substantially 
greater than true conditions for well-compacted MSW at modern landfills. Also as 
indicated in Chap. 5, hydraulic conductivity will decrease with depth in the landfill. 
The designer should carefully consider appropriate selection of hydraulic conduc-
tivity, as well as moisture content, field capacity, and porosity, when setting up the 
model  run. HELP allows  the designer  to assign different waste characteristics  to 
distinct layers within the landfill, which permits simulation of changing waste prop-
erties deeper in the landfill.

Fig. 10.5  Schematics of liquids addition method used in the HELP rainfall modification method
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10.2.3  Impingement Prediction for Specific Liquids  
Addition Methods

The maximum impingement rate predicted by HELP corresponds to the lowest sat-
urated hydraulic conductivity of the waste or soil layer above the LCRS. In other 
words, if liquids are added at a rate greater than the hydraulic conductivity of the 
waste, the impingement rate will be the same as the hydraulic conductivity and the 
excess moisture will be stored within the waste. Thus, an alternative and more con-
servative approach to determine impingement in HELP includes assigning the verti-
cal hydraulic conductivity of the waste as the impingement rate.

As outlined in Chaps. 7, 8, and 9, liquids may be added to distinct landfill areas 
at different times. While the impingement rate obtained from the HELP model is 
evenly distributed over the LCRS, the impinging liquids may vary spatially at land-
fills where liquids addition is practiced, especially when liquids are added under 
pressure. This is conceptually illustrated in Fig. 10.6, where the saturated zones that 
could result from a horizontal trench (Fig. 10.6a) and a vertical well (Fig. 10.6b) are 
shown along with an indication of enhanced impingement below the liquid addition 
devices  (relative  to  that  which  would  be  predicted  using  HELP  by  treating  the 
impingement rate as equal to the hydraulic conductivity). For some designs it might 
be important to consider how LCRS performance could be affected by pressurized 
liquids addition devices located near the base of the landfill.

Fig. 10.6 Conceptual illustration of potential differences in impingement rates as predicted using 
HELP and actual distribution for (a) horizontal trench systems and (b) vertical well systems
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When the designer desires or is required to account for increased impingement 
due to pressurized liquids addition into a specific device, a fluid flow model similar 
to those described in other chapters can be developed and applied. A simplified 
approach using the saturated zone equations presented in Chaps. 8 and 9 can also be 
to estimate the enhanced impingement. Under steady-state conditions, the impinge-
ment rate (e) occurring at the base of the waste underneath a specific device can be 
approximated as the flow rate added to the device (Q) normalized to the area through 
which the added leachate is entering the LCRS (Ai), such that:

 

e
Q

Ai

=
 

(10.1)

As has been described in earlier chapters, the wetted zone resulting from a liq-
uids addition device increases in dimension as the zone moves vertically downward 
from the device and ultimately approaches steady state. At distances far from the 
device which are close to steady state, the impingement is approximately equal to 
the vertical hydraulic conductivity (e = Kz), but closer to the device, the gradient is 
greater than 1 and the impingement will be greater than the vertical hydraulic con-
ductivity (e > Kz).

The saturated zone equations (presented in Chaps. 8 and 9) are used to solve for 
impingement rate occurring where the saturated zone under a liquids addition 
devices intercepted the LCRS (Xu et al. 2014). The impingement rate (e) for a hori-
zontal trench located a distance Z above the LCRS can be approximated as 
follows.
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Where KZ is the vertical hydraulic conductivity, KX is the lateral hydraulic conduc-
tivity, x is the horizontal distance of the saturated zone from the trench at the LCRS 
boundary, and z is the vertical distance between the trench and the LCRS 
boundary.

The impingement rate (e) for a vertical well with a bottom located a distance z 
above the LCRS can be approximated as:
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(10.3)

Where L is the length of the well screen and D is the distance from the top of the 
well screen to the top of the LCRS (see Chap. 8).
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10.3  Predicting Leachate Head on Liner

The engineer designs the LCRS to prevent the maximum liquid level (leachate 
head) ponded on top of a liner from exceeding a design or regulatory threshold. The 
design requirement for both MSW and hazardous waste landfills in the US is 1 ft 
(0.3 m) or less of head on the liner. Several design methodologies have been devel-
oped to predict leachate head over an impermeable sloped drainage path of an 
LCRS. The following sections describe methods for single layer (granular and 
geonet) and multi-layer systems.

10.3.1  Single Layer Granular System

Several equations have been developed to solve for the maximum depth of leachate 
above a sloped liner overlain by a granular drainage media with a drain at the down-
stream end. The maximum depth is calculated by first assuming the maximum 
leachate inflow rate occurs under steady-state conditions while the LCRS is operat-
ing properly (e.g., leachate flows freely through the drains and does not back up 
onto the primary drainage slopes). The methods for calculating head on the liner 
incorporate the following factors: (i) drainage path length (L); (ii) drainage path 
slope (L L−1 or degrees); (iii) leachate impingement rate (L T−1); and (iv) hydraulic 
conductivity of drainage material (L T−1). These factors are schematically illustrated 
in Fig. 10.7, which provides a definition sketch to supplement the design equations 

Fig. 10.7 Definition sketch of the four main factors affecting head on a liner
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discussed in this chapter. The differences in methodologies presented result from 
different derivation approaches and assumptions.

Table 10.1 presents three different design equations commonly used for predict-
ing maximum leachate head on the liner (hmax) as a function of drainage path slope 
(α) and length (L), granular drainage media hydraulic conductivity (K), and leach-
ate impingement (e). The Moore equation (Moore 1980) was published first and is 
still used by some designers as a quick conservative estimate. The McEnroe equa-
tion (McEnroe 1993) and the Giroud equation (Giroud et al. 2000; Giroud and 
Houlihan 1995) were more rigorously derived and are considered more accurate. 
The HELP model utilizes the McEnroe equation for its estimate. Figure 10.8 shows 
results for the Moore and Giroud equations over a range of conditions; the McEnroe 
and Giroud equations have been found to give very similar results.

Table 10.1 Summary of analytical equations from Moore, McEnroe, and Giroud to predict the 
leachate head on a single liner

Method Analytical equation
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10.3.2  Single Layer Geonet System

In some LCRS designs, synthetic drainage products (i.e., geonets) are used to 
 provide leachate conveyance. In these designs, a geonet is placed directly on the 
geomembrane liner and is overlain by a layer of soil or other granular media. The 
design will include a geotextile to separate the geonet from the overlying soil (or a 
geocomposite consisting of a geonet and geotextile bonded together). Because the 
thickness of a geonet is small (<0.01 m), when a designer specifies a geonet with 
sufficient capacity to handle all of the leachate flow for the required impingement 
rate, the depth of leachate will be well below the regulatory requirement.

The flow capacity of a geonet is most often described by its transmissivity, T 
(L2/T). The engineer will specify a geonet that provides necessary capacity for the 
predicted leachate generation or impingement rate. In the case where the geonet 
must provide sufficient capacity to handle all of the leachate flow within its thick-
ness, required transmissivity (TREQ) will be solved as follows:

 

T
Q

w

el

iREQ = =
i

 

(10.4)

Where Q is the total leachate flow rate collected over an area (width (w) by 
drainage path (L)), e is the impingement rate, and i is the slope of the drainage path. 
The designer specifies a geonet that delivers needed transmissivity at the anticipated 
design load and after applying a series of safety factors (to account for potential 

Fig. 10.8 Comparison of maximum head on the liner calculated using the Moore, McEnroe and 
Giroud equations
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reductions in hydraulic conductivity due to factors such as creep, intrusion and 
clogging) have been applied. The maximum head on the liner in this case would be:

 

h eL

K
max

tan
=

( )a  

(10.5)

where,

 
K T

t=
 

(10.6)

and t = the thickness of the geonet.

10.3.3  Multi-Layered System

Since the maximum allowable leachate head on the primary liner will be greater 
than the thickness of the geonet, some LCRS designs will additionally utilize the 
flow capacity provided by the granular media overlying the geonet. This demands 
an alternative technique for estimating maximum head on the liner, which has been 
provided by Giroud et al. (2004). This technique is illustrated in Fig. 10.9.

This method requires assumptions regarding the hydraulic conductivity of both 
drainage layers. Hydraulic conductivity (K) of the geonet can be determined from 
the transmissivity (T) and thickness (t) as described in the previous section. The first 

Fig. 10.9 Definition sketch for two-layered LCRS

10.3   Predicting Leachate Head on Liner

Dr. Alireza Bazargan  info@environ.ir

A Bazargan
Highlight
creep = khazesh

A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Highlight



234

step in the method is to calculate the length of geonet that handles all of the leachate 
flow (Lu).

 
L

t K k

eu =
( )1 1 sin a

 
(10.7)

If Lu is greater than the total length of the drainage path (L), the geonet can 
handle the complete flow, and similar to the previous case, the maximum head on 
the liner will be:

 

h
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Lmax
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(10.8)

In the case where Lu < L, leachate extends above the geonet in the granular drain-
age layer, such that:
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Where,
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Where the terms represent those previously defined. This equation allows the 
engineer to predict the combined depth of liquid above the liner in both the geonet 
and the drainage media above it.

10.4  Foundation Settlement Considerations

The engineer designs the LCRS as a combination of sloped liner areas and sloped 
pipes or drains to route leachate to designated removal points. As these slopes are 
often not great in magnitude (a few percent or less), changes to bottom liner eleva-
tion as a result of differential foundation settlement must be considered. If the soils 
beneath the landfill settle in a manner that causes the liner base grade to change, the 
performance of a gravity drainage system can be compromised. It is thus standard 
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practice for the design engineer to predict the landfill foundation settlement that is 
expected to occur and to develop a grading plan for the liner foundation and pipes 
that accommodates long-term foundation settlement. Since landfills where liquids 
addition is practiced may be subject to greater differential settlement as a result of 
greater loads (due to wetter waste), and because LCRS performance is especially 
important at these facilities, incorporation of predicted settlement into a landfill’s 
bottom grading design is essential.

The greatest magnitude of foundation settlement will occur toward the interior of 
the landfill, where the greatest waste depths and resulting overburden pressures are 
placed on the underlying soils. Figure 10.10 conceptually illustrates the process of 
landfill foundation settlement. Prior to construction of the landfill, soil layers exist 
in an assumed steady-state condition with respect to applied pressure from overly-
ing materials. Upon construction of the landfill unit, stresses are imparted on the 
underlying soil layers, which in turn can cause settlement. In Fig. 10.10, a soil layer 
in the landfill’s foundation settles non-uniformly in response to the differentially 
applied load, and this causes the LCRS to slope inward unless appropriately antici-
pated and accounted for in the design.

Soil 1

Landfill cell

Landfill cell

Resulting slopes

Soil 1

Soil 2

Soil 2 settlement

∆H

Design slope
Linear and LCRS

a

b

Fig. 10.10 Conceptual schematic of foundation settlement due to waste load (a) shortly after 
placement of the landfill (b) long-term deformation showing the conceptual change in the slope of 
the LCRS from the settlement of soils 1 and 2

10.4  Foundation Settlement Considerations

Dr. Alireza Bazargan  info@environ.ir

A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Highlight



236

The degree of settlement will depend on the location and properties of soil layers 
in the landfill foundation, the configuration (i.e., slope and height) of the landfill, 
and the loads produced from the landfill as a result of the weight of the landfilled 
materials. The geotechnical design of a landfill foundation is a much more detailed 
procedure than presented here and a complete review is outside the scope of this 
book; geotechnical engineering references should be consulted (Holtz and Kovacs 
1981; Bowles 2001; Coduto 2001; Das 2010). The purpose of this section is to offer 
the landfill design engineer a basic overview of the techniques used as part of land-
fill foundation analysis and to emphasize the importance of this design consider-
ation for wet landfills.

The design of a landfill grading plan that accounts for foundation settlement 
begins with a detailed geotechnical characterization of the subsurface geology of 
the site. This will include conducting soil borings and in-situ tests to characterize 
subsurface soils (e.g., standard penetration test (SPT), cone penetration test (CPT)) 
and to retrieve samples for testing. The engineer will use the field measurement data 
and the results provided from samples tested in the laboratory to estimate the amount 
of subsurface settlement likely to occur upon completion of the waste fill. A variety 
of methods have been developed to examine the settlement of large foundations 
(Bowles 2001; Coduto 2001; Das 2010), although most techniques are focused on 
building foundations. The engineer must often rely on basic soil deformation prin-
ciples; Table 10.2 provides two fundamental equations to predict the settlement of a 
soil layer, one for immediate settlement based on a linear stress–strain relationship, 
and one based on classic soil consolidation theory.

Immediate settlement occurs rapidly as a result of a direct strain response to a 
stress, and is based on the assumption that the soil deforms in response to a constant 
stress–strain modulus over the stress range of interest. The engineer would apply 
this method to layers of unsaturated soils or those in the saturated zone not expected 
to undergo consolidation. The stress–strain modulus can be estimated from in-situ 

Table 10.2 Examples of 
methodologies for predicting 
the settlement of soil layers 
as a function of added load

Mechanism Equation

Immediate settlement
Ds

H

E

v v

s

=
-( ) ×s s2 1 0

* *

Consolidation settlement
Ds C

H

ec
v

v

=
+

0

0

2

11
log

*

*

s
s

Δs = settlement of soil layer [L]
H0 = thickness of soil layer undergoing settlement [L]
ES = stress–strain modulus [(F/L2)−1]
CC = compression index
e0 = initial void ratio
σv1

* = initial average effective stress of soil layer (F/L2)
σv2

* = initial average effective stress of soil layer (F/L2)
σv2

* = s Dsv v1
* +  where Δσv is the added load due to the 

landfill (F/L2)
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measurements such as SPT blow count (referred to as N values) or CPT pressures 
(Bowles 2001). Low-permeability soil layers (i.e., those dominated by clay miner-
als) can undergo time-dependent settlement (consolidation) as a result of pore water 
exiting the soil skeleton under the added pressure from the applied load. While 
methods exist to estimate time dependent consolidation, the engineer will most 
often be interested in the ultimate settlement, and thus the equations presented in 
Table 10.2 can be used. Estimates for the consolidation coefficient and initial void 
ratio can be determined by collecting and analyzing in-situ soils, or by using to field 
measurement correlations that relate valves to SPT and CPT data.

To ensure that the LCRS operates appropriately and flows in the correct direc-
tion, it is necessary to estimate the stress resulting from the waste load (Δσv from 
Table 10.2); several methods can be used to estimate stress. One method simply 
involves assuming that the weight of the landfilled waste mass above a point in the 
foundation is transmitted directly to the soil underneath, without any distribution. 
A second, more elaborate method estimates the distribution of the overlying landfill 
weight into the soil using either a numerical program or classic geotechnical design 
charts for load distribution.

In the first approach, the added load (ΔσV) at a point underneath the landfill will 
be the weight of the material (q) directly above it, such that:

 Ds gv q H= =  (10.12)

Where γ is the specific weight of the landfilled material and H is the thickness of 
the landfilled material at that point.

In the second approach, the spatial pattern of waste mass distribution is also 
considered. In this case, added loads from the landfill are assumed to be distributed 
into the underlying foundation soils. Geotechnical engineers have derived mathe-
matical relationships for stress distribution within an idealized soil, such that the 
added vertical stress in the soil under an applied load (ΔσV) is some fraction of the 
applied load (qo), which can be solved as:

 
s z q I= 0  

(10.13)

Where I is an influence value representing the fraction of qo occurring at a point 
of interest. This influence value can be determined mathematically or using influ-
ence charts (Holtz and Kovacs 1981), or can be predicted using numerical solutions 
in commercially-available software packages.

Once settlement has been estimated for distinct locations along the landfill foun-
dation, the differential settlement between points can be determined. The engineer 
will select points that correspond to critical drainage pathways corresponding to the 
designed LCRS. When the calculated settlement causes grade reversal in the 
designed LCRS, the design of the LCRS must be revised to accommodate the maxi-
mum expected settlement so that the necessary slopes for gravity drainage will still 
be maintained.
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10.5  LCRS Clogging

As described previously, the prediction of leachate head on the liner depends on 
several factors, including the hydraulic conductivity (or transmissivity) of the drain-
age media of the LCRS. The hydraulic conductivity of drainage media such as sand, 
rock, or geonet is normally measured in a testing laboratory, with clean water serv-
ing as the permeating fluid. In a landfill, however, leachate flows through the media, 
and leachate contains an array of suspended and dissolved chemicals or organisms 
that might impact the hydraulic properties of a drainage medium, especially with 
prolonged exposure. A number of studies have documented a reduction in flow 
properties of LCRS components after prolonged exposure to leachate; this phenom-
enon is commonly referred to as LCRS clogging. This section provides an overview 
of LCRS drainage media clogging mechanisms, the added concerns related to land-
fills where liquids addition is practiced, and clogging-specific considerations to 
address in both design and operation.

10.5.1  Clogging Mechanisms

The phenomenon of LCRS drainage media clogging (or a reduction in hydraulic 
conductivity) has long been recognized as a potential concern in landfills. Clogging 
of a LCRS reduces void space such that the permeability decreases and leachate is 
unable to flow through the system. Several different clogging mechanisms have 
been identified to result from leachate (Brune et al. 1991; Rowe et al. 1995), includ-
ing physical clogging as a result of particulate transport, chemical clogging from 
mineral precipitation, and biological clogging caused by microbial growth; these 
different mechanisms likely act in combination.
Particulate  clogging  results when  fine materials  (clayey  soils,  ashes,  or  other 

waste materials) migrate into the LCRS and reduce the void space of granular mate-
rial or deposit as a low permeability layer on the surface of a geotextile. Avoidance 
of particulate clogging will be addressed for most civil engineering drainage appli-
cations by specifying appropriate material particle size distributions (in the case of 
granular materials) and opening size (in the case of geotextiles). However, some 
particulates may be formed within the landfill as a result of chemical precipitation.
Biological growth in the LCRS can contribute to clogging by occupying granular 

media void space, coating geotextile surfaces, and contributing to mineral precipita-
tion (Brune et al. 1994; Rowe and Fleming 1998; Fleming et al. 1999; Maliva et al. 
2000; Bouchez et al. 2003; VanGulck et al. 2003). Biological growth within a LCRS 
accompanies the decomposition of organics and other constituents found within 
leachate. The microorganisms within an LCRS that are known to contribute to bio-
logical clogging are methanogens, iron-reducing bacteria, denitrifying bacteria, 
sulfate-reducing bacteria, slime-forming bacteria (those that generate extracellular 
polymers that make the biofilm look like mucous), manganese-reducing bacteria, 
and other facultative anaerobes (Fleming et al. 1999; Rowe and Fleming 1998).

10 Leachate Collection and Removal Systems (LCRS)

Dr. Alireza Bazargan  info@environ.ir

A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Highlight



239

Chemical clogging results when dissolved chemicals in the leachate precipitate 
to form solid-phase minerals that act to reduce pore space. The mineral precipitates 
in some cases form solid masses that cement granular materials together or plug 
pipes or similar openings, while at other times they form small discrete particles 
similar to a fine soil or ash. The most common mineral precipitate identified from 
previous LCRS studies is calcium carbonate; this chemical precipitate can result 
from the chemical conditions that often occur when incinerator ash and MSW are 
co-disposed in landfills, but also is formed as part of biological growth in MSW 
landfills (see below). Other elements commonly found in mineral precipitates 
include magnesium, iron, manganese, and sulfur. 

Materials clogging a LCRS are known to have both organic and inorganic com-
ponents, and chemical precipitation and biological growth should in most cases be 
discussed together (Rowe and Fleming 1998). Biological  growth  can  also  cause 
inorganic components within the leachate to precipitate and accumulate within the 
LCRS (Brune et al. 1994; Fleming et al. 1999; Maliva et al. 2000; Bouchez et al. 
2003; VanGulck et al. 2003). Degradation of volatile fatty acids by microbial activ-
ity is well known to result in the formation of calcium carbonate. In LCRS where 
high-BOD leachate drains over stone, biofilms will develop similar  to a  trickling 
filter in a wastewater treatment plant, and this biological activity will result in the 
production of calcium carbonate.
Biological growth and chemical precipitation can create conditions that enhance 

each other. For example, chemical gradients in sulfide, alkalinity, and pH from 
microbial activity facilitated the precipitation of metal sulfide and calcium carbon-
ate in a study by Brune et al. (1991). Sulfate-reducing bacteria have been demon-
strated to cause calcium carbonate and iron salts to precipitate out and clog the 
LCRS drainage media (Rohde and Gribb 1990; Rittman et al. 1996). Iron-reducing 
bacteria and sulfur-reducing bacteria can also increase the pH and generate sulfide, 
which can result in precipitation of insoluble metal sulfides (Cossu et al. 1999).

10.5.2  Clogging Potential in Sustainable Landfill Operations

Clogging issues have been suggested to be a greater concern for facilities operated 
to enhance biological waste stabilization for the following reasons: (a) the larger 
amounts of leachate passing through the LCRS during the landfill’s life; (b) the 
potential differences in biological activity that might occur during sustainable land-
fill operations; and (c) the critical role that a successfully operating LCRS plays in 
terms of slope stability at bioreactor landfills (Chap. 12). The degree to which clog-
ging occurrs has been demonstrated to be greatest under higher mass loading rates 
to the LCRS (Fleming et al. 1999; Rowe et al. 2000). While landfills subjected to 
liquids addition result in greater leachate flow, the concentrations of biodegradable 
organic matter  (BOD)  are  expected  to  become  lower  than  conventional  landfills 
more rapidly.
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To the authors’ knowledge, there is no dramatic evidence from landfills 
 implementing technologies to enhance stabilization that suggests that these facili-
ties are experiencing exacerbated problems with clogging compared to other land-
fills. Much of the clogging reported in the literature has been reported at landfill 
sites where BOD  values were  very  large,  often  occurring  in  colder  climates.  In 
landfills with healthy microbial populations responsible for active waste decompo-
sition, temperatures are often very warm and resulting leachate BOD concentrations 
are relatively low. Thus, liquids addition at facilities that result in less-than-optimal 
conditions where BOD remains high (e.g., waste stabilization remains in the acid 
phase) and leachate production rates are high could exacerbate clogging concerns. 
A potential remedy in this case would the use of targeted air addition to increase 
temperatures (see Chap. 14).

10.5.3  Addressing Clogging in Design

The typical method through which an engineer accounts for clogging in the LCRS 
design process is to apply a reduction factor to the hydraulic conductivity (granular 
media) or transmissivity (geonets) used as part of the head-on-liner design equa-
tions presented earlier in this chapter. Through this approach, the LCRS is designed 
to maintain less than the target leachate depth even when clogging occurs. Detailed 
design procedures associated with incorporating reduction factors for the LCRS are 
provided in Qian et al. (2002).

Other design practices can also be implemented to reduce chances of clogging 
problems and provide the operator better ability to address problems if they do 
occur. Sufficient cleanout lines should be provided in the design so that all pipes can 
be readily inspected and cleaned; pipe lengths should be limited to that which can 
be accessed with available equipment. When geotextiles are used as part of the 
design, configurations should be avoided where large of amounts of leachate flow 
are routed through small geotextile areas. Where feasible, the operations plan 
should discourage the occurrence of fine particulate material in waste or cover soil 
in proximity to the LCRS. An added redundancy is the placement of a geocompos-
ite layer (geonet bonded to a geotextile) directly above the liner to facilitate more 
rapid drainage.

10.5.4  Addressing Clogging in Operation

As discussed in Chap. 16, leachate flow and liquid level monitoring should be a 
routine practice at landfills where the additions liquids or wet wastes is practiced. 
Changes in leachate production over time may provide some indication of less effi-
cient collection due to LCRS clogging. Interpreting this change can be complicated, 
however, as several factors affect leachate production (e.g., climate, stormwater 

10 Leachate Collection and Removal Systems (LCRS)

Dr. Alireza Bazargan  info@environ.ir

http://dx.doi.org/10.1007/978-1-4939-2662-6_14
http://dx.doi.org/10.1007/978-1-4939-2662-6_16
A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Highlight

A Bazargan
Highlight
the textile will stop particulates from going into the net

A Bazargan
Highlight



241

management practices). More telling will be changes in the locations where  leachate 
collection occurs and the presence of ponded liquids or seeps in places where these 
conditions formerly were not present.

A more direct assessment of LCRS performance is monitoring of LCRS gravity 
drainage pipes. Many landfill permits require periodic inspection and cleaning of 
LCRS pipes, hence the necessity to install cleanout lines as a means to provide 
internal pipe access. This includes inspection with cameras and jetting with high 
pressure water and specialized cleaning devices. At sites where calcium carbonate 
clogging is evident and cannot be removed with high-pressure jetting, cleaning with 
acid solution has been used with some success.

The inspection and cleaning of pipes does not, however, provide direct evidence 
of clogging in other LCRS locations such as granular drains, geonets, geotextiles, 
or the sand drainage blanket. Monitoring leachate depths on the liner (see Chap. 
16), coupled with flow measurements, may provide an indirect measure of internal 
LCRS clogging, but access to the LCRS for remediation is difficult because of the 
large depth of waste that would need to be removed. In cases where clogging 
appears to be a problem, but remediation is not feasible, other actions that the 
operator may need to implement include reducing leachate generation in that area 
(e.g., early closure), cessation of liquids addition, and increased leachate or ground-
water monitoring.
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Chapter 11
Leachate Control, Storage, and Treatment

Abstract By necessity, the addition of liquids as part of sustainable landfilling 
operations adds to the amount of liquids that must be managed by a site. Challenges 
associated with landfills containing elevated moisture include controlling stormwa-
ter, managing seeps, and providing sufficient storage and treatment capacity. The 
impacts from sustainable landfilling practices (i.e., liquids addition) on each of 
these areas are presented. Strategies to reduce impacts from liquids addition (such 
as seepage prevention and control), accommodate additional leachate production, 
and provide leachate treatment that integrates with sustainable landfill objectives, 
are presented and discussed.

Keywords  Landfill • Leachate • Seep • Surface water • Treatment • Storage

11.1  Leachate Management Fundamentals

Integrated liner systems and LCRS are fundamental design features of modern engi-
neered landfills, and are installed with a primary objective of minimizing deleteri-
ous impacts of leachate on the environment. Leachate management considerations 
do not end with the construction of these features, however. Leachate removed from 
the landfill must be handled and disposed properly. Leachate migration from the 
landfill via other possible routes, namely the exposed surfaces of the landfill, must 
be guarded against. While the proper management of leachate is an important ele-
ment at all landfills, it is even more critical at facilities where liquids are added or 
recirculated as part of implementing sustainable landfill technologies.

Leachate forms predominantly as a result of rainfall and the manner that storm-
water is controlled plays a major role in the overall water balance of a landfill. 
At sites where the moisture content is elevated, such as those where liquids addition 
is practiced, contamination of stormwater as a result of exposure to leachate out-
breaks or seeps on the landfill surfaces is more likely, and thus such outcomes must 
be planned for as part of both design and operation. Occurrence of leachate seeps at 
wet landfills such as bioreactors is relatively common, meriting a discussion of 
causes, remedial steps, and preventative measures as part of this chapter.
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Although some landfill sites might be equipped with a force main that allows direct 
discharge of leachate to an off-site treatment facility, leachate that is pumped or grav-
ity-drained from the LCRS is normally stored on site in a tank, pond, or similar device, 
whether as a part of, or prior to, leachate treatment. The degree to which leachate is 
treated on site depends greatly on facility-specific constraints and objectives, and 
ranges from simple storage with only minimal changes in leachate chemical concen-
trations to comprehensive treatment plants designed to produce an effluent of sufficient 
quality for on-site discharge. As leachate recirculation  represents one of the practices 
implemented to promote rapid waste stabilization, the need for external leachate treat-
ment might differ for these sites in comparison to traditional landfills. Alternatively, 
specific treatment objectives that compliment leachate recirculation might be a desired 
approach. The later part of this chapter summarizes standard practices for leachate 
storage and treatment, and focuses on issues related to leachate management at sites 
implementing technologies such as liquids addition and leachate recirculation.

11.2  Controlling Stormwater Run-on and Runoff

Chapter 6 outlined a general approach for assessing moisture needs for landfill 
operators attempting to maximize waste stabilization through liquids addition. 
Because of the relatively large target volume of liquids that may be required to 
achieve operational goals, additional sources of moisture beyond that resulting from 
leachate generation may be required. The amount of leachate produced at a landfill 
site is strongly dictated by site stormwater management practices and the nature of 
the incoming waste material. Therefore, an important topic of discussion with 
respect to leachate is the management of stormwater run-on and runoff.

Rainfall intercepted by the landfill surface, typically referred to as stormwater, is 
normally considered leachate when it comes into contact with solid waste or other 
leachate. While much of the production of landfill leachate results from moisture 
infiltrating through the surface of the landfill into the waste, the flow of water over 
the surface of the landfill as a result of rainfall runoff can also add to leachate vol-
umes. The majority of excess leachate observed at a landfill immediately after a 
large storm event is, in fact, produced as a result of stormwater that flows directly to 
the LCRS at the interface of the compacted waste and the liner system, or other 
direct channels to the LCRS (i.e., highly permeable cover layers). Run-on control 
describes the steps an operator takes to route non-impacted stormwater intercepted 
by the soil or vegetation on the landfill surface away from areas of exposed waste, 
thus preventing leachate formation. Similarly, runoff control describes the process 
of routing clean stormwater to a designated discharge location and stormwater 
impacted by leachate to an appropriate collection area.

The area of a landfill where waste is exposed to the environment after deposition 
and compaction and prior to the placement of daily cover (or cover with additional 
waste)—typically referred to as the working or active face—presents a source for 
potential leachate generation. The working face should be maintained in a manner 
to divert clean stormwater from covered areas away from the exposed waste to as 
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great of an extent as possible. This is accomplished through grading of surrounding 
areas (e.g., sloping the covered landfill surface away from the working face) and the 
use of soil diversion berms. Rainwater that directly intercepts the exposed waste or 
runs onto the exposed waste is allowed to infiltrate into the landfill.

Given the need for substantial liquids addition volumes at landfills targeting 
accelerated waste stabilization, the operator has the ability to maintain some control 
of the volume of liquids introduced to the landfill through the manner in which 
stormwater is managed. Ponding of liquids on the surface of a landfill, unless it is 
part of a permitted surface pond application system, will normally be prohibited. 
However, given the ability of waste to absorb water, the purposeful allowance of 
stormwater onto the working face promotes liquids addition to the landfill. Care 
must be taken, however, to avoid conditions that prevent waste from being covered 
in a timely manner or that result in an outcome in conflict with a facility’s permit.

11.3  Managing Leachate Seeps

Seeps, which are also referred to as weeps, springs, or breakouts, result when leach-
ate migrates laterally to the side slope of the landfill instead of downward to the 
LCRS. Seeps may be observed at all exposed landfill surfaces, but are most com-
monly observed on side slopes or at the base (toe) of the landfill. The seep may be 
evident because of a discoloration, malodor, or the presence of insects (see 
Figs. 11.1, 11.2, and 11.3). A primary concern with seeps is the potential for leach-
ate migration beyond the landfill’s footprint. Accordingly, seeps pose problems for 

Fig. 11.1 Seep emergence from side slope of landfill
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landfill operators because they can contaminate stormwater and lead to prohibited 
discharges as well as cause odors, attract insects, pose slope stability concerns, and 
interfere with operations. Given the importance of addressing seeps at landfills with 
high moisture levels and those practicing liquids addition, this section focuses on 
seep causes, prevention, and mitigation issues. The information here follows that 
presented by Xu et al. (2013).

Fig. 11.2 Seeped leachate ponding at base of landfill slope

Fig. 11.3 Leachate seep flowing at base of landfill slope next to access road
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11.3.1  Seep Formation

Several factors contribute to leachate seepage at landfills, including the permeabil-
ity of cover soil or waste layers, changes in waste properties at various depths, 
stormwater management practices, and the presence and operating conditions of 
liquids addition systems. Standard sanitary landfill operation practice (see Chap. 2) 
includes the placement of cover soil on the working face of the landfill at the end of 
each working day. Available site soils are often used as cover material, although 
alternative materials such as tarps and other wastes (e.g., ground wood, ash) are also 
commonly utilized. The properties and deployment of soil and alternative cover 
materials may contribute to seepage in different ways. Natural soils that have a low 
hydraulic conductivity (e.g., clay) and municipal waste incinerator ash (which typi-
cally has a low hydraulic conductivity), often create perched zones of leachate 
within the waste. The accumulation of leachate in these perched zones results in the 
migration of leachate horizontally towards the landfill side slopes, as conceptually 
illustrated in Fig. 11.4. The impact of low permeability cover layers was illustrated 
through fluid flow modeling by McCreanor and Reinhart (2000).

High-permeability soil layers, such as mulch and sand, likewise contribute to 
leachate seeps by providing a highly conductive horizontal layer (relative to com-
pacted MSW) that results in a preferential flow path or short-circuiting of leachate 
towards the side slopes of the landfill instead of vertically downward (Fig. 11.5). 
Cover materials with similar hydraulic conductivity provide less lateral leachate 
migration and more uniform vertical movement (Soh and Hettiarachchi 2009). 
Operational practices to mitigate the impact of cover materials are discussed in the 
following section.

As discussed in Chap.5, and as demonstrated in laboratory and pilot-scale land-
fill experiments (e.g., Powrie and Beaven 1999), waste hydraulic conductivity 
decreases as depth increases, a result of increasing overburden pressure and effec-
tive stress. As conceptually illustrated in Fig. 11.6, decreasing hydraulic  conductivity 

Fig. 11.4 Schematic of leachate seepage at a landfill caused by low permeability
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with depth in landfills coupled with compacted waste’s anisotropy and subsequent 
tendency for preferential lateral flow, lead to a wider lateral spread of moisture dis-
tribution with depth, which in turn may cause leachate seepage at the side slope. 
Since volumetric waste moisture contents at deeper sections of the landfill are gen-
erally higher (since porosity is reduced), leachate seeps are often most common at 
the base of large landfills with elevated liquids levels.

In some cases, seeps on the side slope or base of a landfill may be the result of 
highly permeable cover materials used on side slopes. As illustrated in Fig. 11.7, 
when stormwater flows through permeable cover material along an exterior landfill 
slope, the water contacts waste and creates leachate, which can then seep out at the 
bottom of the landfill. In cases where the cover material is high in organic matter or 
iron, the stormwater can become discolored and have an appearance similar to 
leachate. Such occurrences are common when ground wood or yard trash is used as 
a cover material on steep slopes.

Fig. 11.5 Schematic of leachate seepage at a landfill caused by high permeability

Fig. 11.6 Schematic of leachate seepage at landfills caused by decreasing hydraulic conductivity 
with depth
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The addition of liquids to the landfilled waste has the potential to contribute to 
leachate seeps. As described in Chaps. 8 and 9, landfill operators at large facilities 
often rely on adding liquids under pressure to distribute liquids within the landfill. 
Without the addition of pressure, it may be difficult to distribute liquids within the 
landfill in the desired time period. Leachate seepage occurs when the saturated zone 
reaches the side slope surface as conceptually illustrated in Fig. 11.8. The size of the 
saturated zone formed by the added liquids depends to a large extent upon the liq-
uids injection pressure. The higher the injection pressure, the larger the saturated 
zone, which in turn results in a larger lateral spread. The flow modeling techniques 
described in earlier chapters can be used to estimate the degree to which pressurized 
liquids might migrate to the landfill side slope.

Fig. 11.7 Schematic of leachate seepage caused by high-permeability cover at the side slope

Fig. 11.8 Schematic of leachate seepage at a landfill caused by high injection pressure
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11.3.2  Seep Prevention Strategies

Landfill engineers and operators can employ several strategies to prevent, minimize 
or otherwise control seeps at landfills. Such measures may be implemented during 
the design stage of a liquids addition system, as well as during construction and 
operation the system. The landfill operator also has a great ability to impact the 
potential for seeps by practicing certain fundamental waste and cover soil placement 
practices; examples of these practices are highlighted in the following sections.

The selection and placement of cover material requires special attention during 
landfill operations and planning. An ideal cover soil would be one where the perme-
ability of the cover soil is similar to the disposed waste—however, numerous other 
factors come into play when determining the optimal type and amount of cover 
material (e.g., availability, cost, meeting minimum regulatory requirements for vec-
tor reduction, litter prevention, and other considerations). The use of alternative 
cover materials such as foams or tarps that result in less heterogeneity in landfilled 
materials serve to reduce stratification and resulting pathways for liquids short- 
circuiting. When site conditions dictate that potentially problematic cover materials 
(from a seepage perspective) be used, operators often attempt to scrape as much of 
the soil from the underlying waste surface as possible before placing the next waste 
lift. This practice of soil scraping has positive and negative economic impacts on 
operations: scraping provides additional airspace for new waste disposal, but the 
time and equipment requirement to scrape the soil might be more costly. Even if 
only a fraction of the soil layer is removed, a reduction in heterogeneous stratified 
layers will minimize lateral movement of liquid to the landfill slope. Landfill opera-
tors with low permeability cover soils sometimes dig “windows” in the cover to 
promote liquids to drain from one lift to the next.

Some sites receive large amounts of low-permeability granular wastes such as 
ash, and they are often allowed by permit to use these materials as daily cover. 
Lateral movement of leachate along compacted ash layers has been found at several 
sites to result in seep problems. The economic benefit of such practices (i.e., receiv-
ing an approved soil-like material for daily cover for free, a reduced cost, or even 
with a tipping fee) must be weighed against longer term operational and mainte-
nance issues related to seep control. One strategy includes using ash as cover on 
interior landfill surfaces and avoiding its use in areas near side slopes. Ash disposed 
toward the edge of the landfill should be mixed with other wastes to avoid the for-
mation of distinct layers.

One strategy to avoid seeps involves grading waste lifts adjacent to the side slope 
(and, by extension, grading the layers where cover material is placed) towards the 
interior of the landfill. As shown in Fig. 11.9, the cover soil layer is sloped near 
the edge of the landfill to drain inward and thus preclude added liquids from reach-
ing the landfill surface and emerging as a seep. This operational practice would also 
need to consider the impact on stormwater management, as the development of an 
inward gradient could cause more stormwater accumulation near working areas if 
not otherwise diverted.
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For sites with GCCS, efficient operation of the GCCS can aid in seep control. 
Preferential flow paths out the side of the landfill caused by landfill gas migration 
can promote the flow of leachate through these same paths. A well-operated GCCS 
will induce a negative pressure within the landfill and direct gas movement towards 
gas collection points, and by extension reduce the preferential flow paths that leach-
ate can travel. When directing gas movement (and, to a degree, liquids movement) 
toward gas collection points, the accumulation of liquids can occur at gas collection 
points. This can be remedied by installing temporary or permanent pumps to remove 
liquid build-up (discussed in Chap. 13).

The extent to which seeps are likely to occur will be largely influenced by the 
moisture content of the waste itself and the degree to which liquids addition occurs. 
As discussed in Chap. 6, facilities that specify large liquids addition volumes will 
require aggressive approaches to meet the design targets in the form of more liquids 
addition devices and/or greater liquids addition pressures. When such a strategy is 
pursued, the engineer and operator must expect that seeps will occur and must there-
fore take steps both in system design and in development of the operations plan to 
address these events. Alternatively, the objective at some sites might be to apply a 
more conservative approach and add less liquid with a goal of preventing seeps from 
occurring (e.g., designing liquids addition devices to be far away from side slopes 
and specifying low injection pressures). These two approaches are conceptually 
illustrated in Fig. 11.10 for a landfill employing horizontal liquids addition. In one 
approach, injection lines are added throughout the landfill to penetrate as much of 
the waste mass as possible (Fig. 11.10a). In the conservative approach, the number 
of liquids addition devices is deliberately minimized and maintained at a conserva-
tive distance away from the side to avoid seeps (Fig. 11.10b).

Designers and operators can take some steps when constructing liquids addition 
devices to minimize seeps. Liquids addition systems that employ horizontal trenches 
often place injection lines on consecutive or alternating waste lifts, with each line 
penetrating the side of the landfill and connecting to an external distribution manifold 

Fig. 11.9 Cover removal and lift grading strategies to minimize seeps
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(see Chap. 9). Pipe perforations begin after a specified setback distance away from 
the side slope. In practice, seep collars can be constructed to reduce the preferential 
flow of leachate along the pipe and towards the side slope. For example, clay can be 
placed in a horizontal trench between the side slope and the start of perforations and 
compacted in place. An additional construction technique for horizontal trenches 
includes sloping the pipes toward the interior of the landfill to encourage gravity 
drainage into the landfill, rather than toward the side slope.

Adjusting the number of penetrations into the landfill caused by liquids addition 
devices represents another approach to minimizing leachate seeps; fewer side slope 
penetrations will result in fewer seepage issues. Adjusting the location where 
 injection device perforations begin may also prove a useful seep prevention strategy, 
particularly since injection pressure is greatest at the point of the first penetration of 
the injection device. Starting perforations more toward the interior of the landfill 
and then branching toward exterior areas should reduce seep potential; this strategy 
is illustrated in Fig. 11.11. In Fig. 11.11a, each injection device has a penetration 
into the landfill, which allows for greater control of injection parameters into a 
device, but results in a large amount of penetrations; pressure is greatest at the point 

Fig. 11.10 General approaches for seepage control at a bioreactor landfill (a) operate conserva-
tively to avoid seeps, (b) operate to manage seeps
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where the penetrations first start, nearer the landfill slope. In Fig. 11.11b, multiple 
injection lines are tied together by a manifold in the interior of the landfill and a 
single side slope penetration is constructed—this reduces liquids addition control 
for individual devices but reduces the number of side slope penetrations.

The use of a distribution blanket instead of buried trenches may have a similar 
result as the case shown in Fig. 11.11b. In the case of a buried distribution blanket 
or a design with minimal side slope penetrations, the design and construction must 
be performed to mitigate the potential for failure of the line, since failure would 
preclude the ability to distribute liquids to a large area. Possible failure modes to be 
planned for include crushing, clogging, or pipe disconnection.

When specifying the distance that a liquids addition device must be kept from the 
landfill side slope to avoid seepage, factors such as waste properties, device configu-
ration, and planned operation should be considered. The techniques described in 
Chaps. 8 and 9 for predicting the extent of liquids migration from a device (a func-
tion of flow rate, pressure, waste characteristics, and operation time) can be used to 
estimate the location of the saturated zone with respect to the slope and thus to 
determine a necessary setback distance. Xu et al. (2013) examined appropriate set-
back distances to avoid seeps and found that for typical design and operating condi-
tions the influence zone from vertical wells placed adjacent to or on a side slope 
should not intercept the landfill surface and the appropriate setback distance (XD) 
from a horizontal trench to the edge of the landfill could be approximated as:

 

X
Q

KD
z

=
3

 

when KX/KZ > 20 and where Q is the liquids flow rate per length of trench and KZ 
and KX are the vertical and horizontal hydraulic conductivity values, respectively. 
As described earlier, however, the presence of waste or soil layers of high or low 
permeability could result in liquids migration over much large distances.

Fig. 11.11 Schematic of approaches for the penetration of horizontal leachate injection line (a) 
approach with multiple penetrations, (b) approach with limited penetrations
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11.3.3  Seep Management Strategies

Regardless of the steps taken to prevent seep formation, the operator should rou-
tinely inspect for the presence of seeps and have contingencies in place to address 
seeps when they are observed. The designer should include a seep management plan 
as part of the site’s operations plan. Once leachate seepage occurs, the seep must be 
promptly addressed to avoid further environmental issues. Operators may use sev-
eral methods to address seepage issues, but regardless of the approaches employed, 
the appropriate procedures and supplies must be readily available to quickly address 
observed problems.

With respect to the seep management plan, all necessary landfill personnel should 
be trained to identify seep-related situations such as wet areas on the surface of the 
landfill, surface cracks, and erosion. This can be accomplished as part of a routine 
visual inspection of the landfill site. Inspection components most often include: (a) 
examination of the landfill surface and side slopes for signs of seeps (depending on 
the size, configuration, and cover type, this may be performed by walking the site or 
observing from an on- or off-road vehicle), (b) examination of exposed liquids pip-
ing for signs of leakage, (c) examination of liquid, air, and gas pipes and hoses for 
signs of breakage or wear, (d) visual inspection of the storm water management 
system, and (e) visual inspection of the valve positions. These daily inspections 
should be conducted by one or more trained individuals and recorded on an inspec-
tion sheet or using a form loaded onto a laptop or tablet computer.

The conventional practices for addressing seeps often involve placing additional 
cover soil (usually a low-permeability clayey soil) on top of the area of concern fol-
lowed by compaction of the material. Depending on the magnitude of the seep 
source, this may only provide a temporary solution, as liquids may migrate around 
the compacted soil to reemerge somewhere else on the slope. Figure 11.12 illus-
trates this conventional soil-compaction approach along with expanded strategies 
that allow the moisture to be redirected away from the slope. A more detailed 
approach includes excavating the area of the seep, adding stone (or some similar 
drainage media), and providing a drain or chimney that permits leachate to be 
directed back into the landfill or the LCRS.

For sites with a high likelihood of seeps, such as those employing a more aggres-
sive strategy for liquids addition, the design of a robust toe drain at the base of the 
landfill represents a useful control strategy. The toe drain should be designed and 
constructed to allow the operator to connect slope drains that are constructed as seep 
locations are identified and remediated. Since a prime location for leachate seeps is 
at the base of landfill slope, benches, or access roads, the design of seep drains as 
part of this infrastructure can be incorporated into the landfill liner system design 
and into the long-term operations and closure plan for the landfill.

Future planning for long-term landfill cover and closure is an integral part of the 
planning process for leachate seeps at landfills practicing aggressive liquids addition 
strategies. Some operators pursue a “close-as-you-go” approach where components 
of a final closure system are constructed on outer landfill slopes as they reach final 
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grade (this approach is discussed in greater detail in Chap. 17). Such a practice enables 
the engineer to link a toe drain system for seep control to future vertical phases of 
landfill construction over time. In scenarios when accelerated slope closure is not 
feasible, alternative side slope cover strategies may integrate well with seep control. 
For example, placing exposed geomembrane caps or geosynthetic rain covers on the 
side slopes as a means of shedding rainfall and minimizing erosion can reduce seep-
age problems. Such systems could tolerate a greater degree of leachate seepage com-
pared to traditional cover systems, though the integration of slope and toe drains 
would need to be implemented. Creative management of the interface of the bottom 
liner system with the side slopes and eventual cover system—especially systems that 
integrate stormwater runoff, seep control, and gas recovery—should be considered.

11.4  Leachate Storage

An integral component at nearly all landfill facilities is the leachate storage system. At 
facilities practicing on-site treatment, leachate storage might be integrated into treat-
ment operation. At facilities where off-site leachate disposal is practiced (unless the 
discharge point is located very close to the landfill, or where leachate is recirculated 
to the landfill), storage will be necessary to provide necessary equalization of flow 

Fig. 11.12 Strategies for addressing a side slope seep: (a) seepage occurring; (b) excavation; (c) 
filling and compaction; (d) placing a surface drainage system
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and to provide holding capacity when off-site discharge or recirculation is not possi-
ble. The selection of a storage system depends on considerations such as the type of 
waste disposed, volume of leachate expected, available space, and cost. Common 
storage mechanisms include ponds, lagoons, and tanks.

Lined leachate ponds or lagoons are commonly used at landfill sites. The liner 
system is similar to the one used for the barrier layer at the bottom of the landfill. In 
some cases, a double liner with a leak detection system might be employed. A com-
mon practice includes placing floating aerators in the pond to provide initial leach-
ate treatment and reduce odor emissions (Fig. 11.13); the aeration system provides 
oxygen and promotes mixing. Solids accumulated on the bottom of a storage pond 
may need occasional removal. This can be accomplished by draining the pond and 
removing residues by hand or using a vacuum truck. Care must be taken to avoid 
damaging the liner system.

If the leachate storage unit is not covered, the volume of leachate requiring man-
agement will be influenced by local climate conditions. In dry areas, a net loss in 
leachate may result because of evaporation. In wet climates, however, a net addition 
of water as a result of rainfall will add to the total volume of leachate. A solution to 
this problem for ponds in wet climates is to place a floating geomembrane cover on 
top of the leachate (Fig. 11.14). Rainwater that accumulates on top of the geomem-
brane can be periodically removed using a pump.

Some facilities employ leachate storage tanks or structural basins, with primary 
construction materials including steel, fiberglass, and concrete (Figs. 11.15 and 11.16). 
For some storage systems, the top of the tanks remain open to the atmosphere, and 
often include manifold diffusers for air addition. In other systems the tanks are closed 

Fig. 11.13 HDPE lined leachate storage pond equipped with floating aerators
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to the atmosphere, with either a floating cover or a fixed cover that vents to the atmo-
sphere. Just as with leachate ponds and lagoons, the sediment that builds up in the 
bottom of the tanks must be occasionally removed. Secondary containment for tank 
systems is provided using an outer concrete vault or wall, or by placing the entire tank 
in a lined unit.

Fig. 11.14 HDPE lined leachate storage pond equipped with surface rain cover

Fig. 11.15 Fiberglass leachate storage tanks surrounded by secondary containment system
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11.5  Leachate Treatment

Leachate collected from an engineered landfill requires appropriate treatment prior 
to any discharge to the environment. As with leachate storage, several methods of 
leachate treatment are available. Treatment options include sending the leachate to 
an off-site domestic wastewater treatment facility, on-site pretreatment followed by 
off-site treatment, and complete treatment and discharge on-site. The type of leach-
ate treatment method selected depends on facility-specific conditions. One of the 
primary sustainable landfilling practices described in this book has been recirculat-
ing leachate collected from the disposal facility’s LCRS back to the landfilled waste. 
While this practice provides some reduction of constituent concentration (e.g., 
BOD), additional treatment beyond recirculation to the landfill must be planned for. 
At most sites, a time will arrive when leachate must be removed from the landfill 
and treated prior to safe discharge to the environment. In this section, leachate treat-
ment fundamentals applicable to landfill sites are described, followed by a discus-
sion of special considerations for facilities implementing sustainable practices.

In Chap. 2, fundamental chemical constituents in MSW landfill leachate and 
their changes over time were described. The choice of treatment process utilized at 
a landfill site depends on the constituents requiring treatment and the degree of 
treatment required—these factors are dictated by regulatory limits and available 
final disposal options. For example, a landfill requiring effluent from leachate treat-
ment to meet drinking water standards prior to discharge will require a much differ-
ent type of treatment system compared to a facility that must only meet the 
pretreatment requirements of a local wastewater treatment facility. Table 11.1 sum-
marizes many leachate treatment strategies that the landfill operator may consider.

Fig. 11.16 Glass-lined steel leachate storage tanks surrounded by secondary containment system
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One of the most common and desirable methods for managing leachate is through 
discharge to an existing wastewater treatment facility not associated with the land-
fill. Leachate transport is typically accomplished using a force main (a direct pipe 
connection) or tanker trucks. Since leachate quantities should be small compared to 
influent volumes for a domestic wastewater treatment facility, this method of man-
agement offers the advantage of diluting some of the more difficult-to-treat con-
stituents. Municipal landfills are often subject to pretreatment standards prior to 
discharge to a domestic wastewater treatment facility, and if these pretreatment 
standards are not met, the wastewater treatment facility may either stop accepting 
the leachate or charge a higher price to receive the leachate. If pretreatment stan-
dards pose a substantial challenge, construction and operation of infrastructure for 
pretreatment on-site may be necessary. Alternatively, a more distant wastewater 
treatment plant may be willing to accept the leachate for treatment, but hauling 
costs would increase. In addition to municipal facilities, private wastewater treat-
ment facilities may be available, though costs and travel distances may be greater.

When off-site treatment options become too limited, construction and operation 
of an on-site treatment facility may be necessary. A variety of methods are avail-
able for treating leachate on-site, and the method selected depends on the fate of 
the leachate and the regulatory requirements associated with the discharge loca-
tion. Given the nature and variability (with respect to quantity and quality) of 
leachate, the treatment system design should allow flexibility to modify capacity 
and treatment processes required. Earlier in Chap. 2, general categories of leachate 
chemical constituents were outlined and the type of treatment technology most 
effective for each constituent category differs. Table 11.2 summarizes leachate 
treatment options associated with these categories. The rest of the chapter summa-
rizes some of the more common treatment technologies used for landfill leachate as 
well as treatment issues to be considered at facilities implementing sustainable 
landfill practices.

Table 11.1 Leachate management and treatment strategies

Management option Description or discussion

Off-site treatment Leachate is hauled via a tanker truck or pumped through a force main or 
gravity sewer to an off-site wastewater treatment facility. Treatment 
charges may be dependent on leachate constituent concentration

On-site pretreatment 
followed by off-site 
treatment

In some cases, off-site facilities place constituent limits or surcharges 
that warrant some degree of on-site treatment prior to off-site transport

On-site treatment 
and discharge

A treatment system is constructed on-site and treated effluent is 
discharged to the environment through land application, surface water 
discharge, or deep well injection

Management within 
the landfill

As part of sustainable landfill operations, leachate can be recirculated  
to the landfilled cell it originates from, or perhaps another landfill cell. 
This technology may provide for some degree of chemical constituent 
treatment. This approach is normally combined with one of the other 
approaches
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11.5.1  Conventional Leachate Treatment Processes

The dominant treatment processes used at domestic wastewater treatment opera-
tions are those relying on microorganisms to degrade or otherwise transform waste-
water constituents into desired end products. Biological treatment will normally be 
the least expensive option for wastewater dominated by biodegradable organic 
matter. Both aerobic and anaerobic biological treatment methods are utilized. 
Engineers have developed numerous configurations and approaches to achieve effi-
cient biological wastewater treatment. The methods for optimizing the biological 
degradation involve controlling the dissolved oxygen level, adding nutrients, 
increasing the concentration of microorganisms, and maintaining desired environ-
mental conditions such as pH, temperature, and turbulence.

Aerobic treatment processes depend on microorganisms grown in oxygen-rich 
environments to oxidize organic compounds to carbon dioxide, water, and microbial 
biomass. Aerobic biological systems include aerobic reactors such as activated sludge 
basins, rotating biological contactors, aerobic filters, and continuous-flow aerobic 
reactors. Anaerobic treatment will use a similar biological flora as occurring inside an 
active anaerobic landfill and is performed in enclosed tanks (Fig. 11.17). Detailed 
information of the design of biological wastewater treatment operations are provided 
in a number of fundamental texts on the subject (Aluko and Sridhar 2005; Grady 
et al. 2011; Metcalf et al. 2013), and application of specific biological leachate treat-
ment technologies has been well-described in the literature (Timur and Ozturk 1997; 
Diamadopoulus et al. 1997; Inanc et al. 2000; Borghi et al. 2003; Bulc et al. 2003).

A major difference in leachate and domestic wastewater is the relative biodegrad-
ability of the organic matter. Most of the organic matter in domestic wastewater is 
biodegradable (BOD:COD approximately = 1.0). As discussed in Chap. 2, leachate 
in early stages of stabilization is high in biodegradable organic matter, but in older 
more stable leachate, BOD:COD is low. Thus, a large fraction of the organic matter 

Table 11.2 Technologies utilized for leachate constituent classes

Leachate 
constituent class Treatment technologies

Organic matter Early-phase leachate with a high BOD or a BOD: COD close to 1.0 requires 
some form of biological treatment, such as an aerated lagoon, rotating 
biological contactor, or an up-flow anaerobic sludge blanket. Stabilized 
leachate with a BOD: COD of 0.1 can be reduced in concentration with 
chemical precipitation or other physical-chemical processes

Inorganic ions Limited removal options are available and these constituents are normally 
managed through dilution, evaporation, or membrane separation

Nutrients Ammonia nitrogen is the primary nutrient constituent, and can be removed 
biologically using phased aerobic and anaerobic treatments. Can also be 
removed using physical-chemical technologies such as air stripping at an 
elevated pH

Trace chemicals Trace chemicals are normally sufficiently dilute to not drive the treatment 
process. They are removed as part of other treatment operations  
(e.g., volatilization, precipitation)
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will not be reduced in concentration using conventional biological wastewater treat-
ment operations. Research has therefore been focused on combining biological 
leachate treatment with other physical and chemical leachate treatment technologies 
(e.g., Baumgarten and Seyfried 1996; Bae et al. 1997; Lin and Chang 2000; Cecen 
and Aktas 2001; Gulsen and Turan 2004; Fang et al. 2005).

Another major application of biological leachate treatment in addition to organic 
matter removal is treatment for ammonia nitrogen. Wastewater treatment facility 
operators commonly integrate the combined nitrification and denitrification process 
into the overall facility design (Grady et al. 2011) and this is certainly true for leach-
ate (Aktas and Cecen 2001; Uygur and Kargi 2004; Berge et al. 2005). For landfills 
as a whole, this has been extended into an approach where leachate is externally 
denitrified and then recirculated to the landfill for nitrification; this technology and 
similar approaches are described in more detail in Chap. 14.

Multiple physical treatment unit operations have been employed for leachate 
treatment, from basic solids separation steps (settling, filtration) to absorption tech-
niques for removal of specific chemical contaminants (e.g., activated carbon). A vari-
ety of chemical treatment techniques have been evaluated to meet specific leachate 
treatment objectives. Lime is a common chemical additive used to increase pH, a 
step which provides for ammonia stripping and metal precipitation. Chemical coagu-
lants, most notably alum (aluminum sulfate) and iron salts (ferric sulfate, ferric chlo-
ride) have been widely employed as a method to remove organic matter from leachate 
(Comstock et al. 2010; Amokrane et al. 1997; Kurnianwan et al. 2006; Tatsi et al. 
2003). In this process, solutions of coagulants are added in mixing tanks, sometimes 
as part of biological treatment, and after the coagulants form, they are allowed to 
settle in subsequent clarifiers, where the sludge is removed and dewatered.

Fig. 11.17 On-site leachate treatment plant consisting of multiple biological and physical treat-
ment operations
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An alternative to chemical coagulation for reducing recalcitrant organic matter 
concentrations is the addition of chemical oxidizing agents. The primary objective of 
this approach is to oxidize refractory organics to carbon dioxide or to less harmful, 
more biodegradable substances that may be removed in a subsequent biological pro-
cess (Bila et al. 2005). Traditional oxidants for leachate treatment include ozone (O3), 
hydrogen peroxide (H2O2), potassium permanganate (KMnO4), and calcium hydro-
chloride (Steensen 1997; de Morais and Zamora 2005; Wiszniowski et al. 2006).

Dissolved ions such as chloride, potassium, sodium, and calcium (which along 
with organic matter contribute to the bulk of the TDS in leachate) belong to a chem-
ical class that has limited options for removal. In many treatment operations, these 
constituent concentrations are primarily addressed through dilution. Leachate added 
to a domestic wastewater treatment facility will result in dilution of salts, and when 
treated leachate is discharged to surface water or groundwater, dilution may be suf-
ficient to meet water quality limits in the water body. If very low TDS levels are 
required prior to discharge, treatment options focus on processing the leachate into 
separate concentrated and dilute fractions. Evaporation systems (which often utilize 
landfill gas as a fuel) evaporate water creating a salt cake or sludge that is disposed 
in the landfill. Membrane systems, such as reverse osmosis and nanofiltration, have 
been used to separate leachate into a concentrated fraction (recirculated back to the 
landfill) and a dilute fraction (discharged on-site) (Linde et al. 1995; Ahn et al. 
2002; Ushikoshi et al. 2002). A variety of membrane types and configurations can 
be employed (Fig. 11.18 shows a bank of spiral wound RO membranes at a leachate 
treatment facility). With both of these approaches, the operator uses the landfill to 
manage the bulk of the solids, while removing excess moisture as a dilute stream.

Leachate treatment using natural systems such as wetlands has been utilized, in many 
cases as a final treatment step after treatment in aerated basins and before discharge to a 

Fig. 11.18 A bank of spiral wound reverse osmosis membranes used as a polishing step in an 
integrated leachate treatment operation
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water source (Kadlec and Knight 1996; Kadlec 1999; Bulc et al. 1997; DeBusk 1999). 
Wetlands treatment may function better in warmer climates that allow the vegetation to 
flourish for a greater portion of the year. A variety of wetland configurations have been 
employed, including natural wetlands, aquatic plant systems, constructed subsurface 
flow wetlands, and constructed surface flow wetlands (Fig. 11.19). Much of the perfor-
mance data on wetlands treatment has been collected for systems designed to remove 
pollutants from municipal and industrial wastewaters. However, the pollutant-removal 
mechanisms that have been identified in wetlands receiving domestic or industrial 
wastewater should operate in a similar manner for the treatment of landfill leachates. 
Wetlands treatment provides both physical and biological treatment mechanisms to 
remove pollutants such as nitrogen, phosphorus, metals, and organic compounds.

11.5.2  Leachate Treatment Considerations for Sustainable 
Landfill Operations

Landfill operators implementing technologies such as enhanced waste stabilization 
through liquids addition will often manage much of the leachate through recirculation 
back to the landfill. Leachate recirculation also provides some degree of leachate 
treatment, and thus may influence the type of leachate treatment approach selected. 
One important recognition is that even when leachate recirculation is planned to pro-
vide the predominant leachate management mechanism, providing an additional form 
of leachate management is critical (e.g., during times of regular maintenance, system 
upset, or regulatory issues). At some point in landfill operation, after stabilization is 
largely reached, there is only limited further benefit to leachate recirculation.

Since the landfill itself acts as a biological treatment unit for added leachate, the 
additional design of an on-site biological leachate treatment system may not be the 
most efficient use of resources. A more effective approach would be to rely on an 

Fig. 11.19 Wetlands leachate treatment system located adjacent to an operating landfill
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off-site treatment plant to handle excess leachate, and where on-site treatment is 
desired or necessary, to implement technologies that complement a landfill with 
liquids addition. Several leachate treatment approaches have potential to integrate 
with leachate recirculation activities and goals. For instance, leachate evaporation 
can be used as a means of reducing leachate volumes and, if the landfill is still 
active, residual solids can simply be disposed in the disposal operation.

One approach used in conjunction with leachate recirculation to produce an 
effluent of quality to be discharged on site while recirculating the rest of the leachate 
is reverse osmosis (RO) or similar membrane systems (Fig. 11.20). In this process, 
leachate is separated into dilute (permeate) and concentrated streams by placing the 
leachate under pressure in contact with a RO membrane. RO membranes have been 
found to be successful in rejecting most pollutants, including salts, dissolved organic 
matter, and heavy metals (Linde et al. 1995; Ahn et al. 2002; Ushikoshi et al. 2002). 
These systems do not require the degree of permeate production as RO systems 
designed for desalination of drinking water, and thus can be performed under much 
less pressure. This technique can be used in combination with leachate recirculation 
to remove net moisture from the landfill.

Another strategy that lends itself to those facilities practicing leachate recircula-
tion is the use of oxidizing chemicals to transform some of the recalcitrant organic 
matter in the leachate to a form that can be biologically consumed (and turned to 
biogas) within the landfill. For example, Fenton’s reagent has been extensively inves-
tigated and applied to treat landfill leachate (Gau and Chang 1996; Bae and Kim 

Fig. 11.20 Leachate treatment strategies for landfill practicing leachate recirculation
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1997; Yoon and Cho 1998; Kang and Hwang 2000; Lin and Chang 2000; Zhang et al. 
2006), and this chemical process has been specifically evaluated as a technique that 
could be used with landfills practicing leachate recirculation (Batarseh et al. 2007). 
The reaction involves H2O2 and a ferrous iron catalyst; the decomposition of H2O2 is 
enhanced by the ferrous iron acting as a catalyst, resulting in the generation of 
hydroxyl radicals that can oxidize the refractory organics. Lopez et al. (2004) reported 
that approximately 60 % of COD was removed by Fenton’s reagent pretreatment and 
the BOD5/COD ratio was increased from 0.2 to 0.5

At some point, active recirculation of leachate or other liquids will cease and 
then leachate management will primarily consist of removal of leachate collected in 
the LCRS and appropriate treatment and disposal. Leachate volumes should dimin-
ish over time as free liquids migrate out of the landfill under gravity. The long-term 
rate of leachate generation will depend on the effectiveness of the closure system for 
diverting rainwater from infiltrate into the waste. Final determinations of how land-
fill leachate will be managed depend on regulatory post-closure care requirements 
designed to protect human health and the environment. These issues are discussed 
for the landfill as a whole in Chap. 17.
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Chapter 16
Tools and Techniques for Landfill Monitoring

Abstract Specific tools and techniques that can be used for landfill monitoring, 
with particular focus on methods that enhance monitoring and maintenance proce-
dures at landfills practicing sustainable technologies. Key monitoring parameters 
and methodologies covered include liquids (e.g., volume, depth, pressure, chemical 
composition), landfill gas (e.g., flow rate, pressure chemical composition), and 
properties of the waste solids themselves (e.g., moisture content, methane poten-
tial). The use of instrumentation placed within the landfill to measure temperature, 
moisture content, and pressures are described.

Keywords  Landfill  •  Bioreactor  •  Monitoring  •  Leachate  •  Gas  •  Instrument  
• Pressure • Analysis

16.1  Monitoring Locations and Parameters

A variety of methods, devices,  and  techniques provide  the operator  an ability  to 
monitor landfill performance, both for assessing site-specific goals (e.g., airspace 
consumption) and to meet regulatory requirements for environmental protection 
(e.g., monitoring of groundwater). Operators using sustainable landfilling technolo-
gies will likely employ a larger suite of monitoring tools to assess performance and 
promote environmental safety. The aim of this chapter is to provide an overview of 
the many monitoring opportunities that may be utilized at landfills, especially those 
where sustainable practices are implemented. Readers are also referred to other 
documents that address monitoring of landfills practicing sustainable technologies 
(specifically bioreactor landfills) such as Tolaymat et al. (2004) and ITRC (2005).

The various monitoring technologies available to the operator have the potential 
to be utilized at multiple facility locations (illustrated conceptually in Fig. 16.1).  
In  some  cases,  monitoring  objectives  target  emissions  leaving  the  landfill  (e.g., 
leachate,  gas),  while  other  objectives  involve  tracking  data within  the  landfilled 
waste itself (e.g., temperature, pressure). Monitoring locations might include exist-
ing landfill infrastructure (e.g., pumps, pipes), specifically-added monitoring points 
(e.g., buried instruments), or the landfill surface. Table 16.1 summarizes these loca-
tions, along with examples of the types of parameters that could be assessed. The 
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Fig. 16.1  Conceptual illustration of landfill monitoring locations

Table 16.1 Summary of potential monitoring locations and parameters

Monitoring location Parameter

Liquid collection manholes, pump stations,  
and storage systems

Liquid depth or pumping rate (or volume)

Liquid pumping rate or cumulative volume

Leachate chemical composition  
(field-measured and laboratory-measured)

Wells and trenches within the waste mass Liquid depth

Liquid addition rate or total volume

Liquid pressure

Leachate chemical quality

Gas composition  
(field-measured and laboratory-measured)

Gas pressure

Gas temperature

Gas blowers, wellheads and piping systems Gas composition  
(field-measured and laboratory-measured)

Gas pressure

Gas flow rate or cumulative volume

Gas temperature

Within the landfill Waste temperature

Moisture content

Leachate ionic strength

Pressure

Elevation

Landfill surface Gas flux

Elevation

Settlement
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remainder of the chapter provides description of common monitoring parameters 
and available methodologies with a particular focus on application to landfills 
implementing sustainable practices.

16.2  Liquid Volume, Depth, and Pressure

Chapter  15 described the operator’s frequent requirements for measuring liquid 
 levels at various locations within a landfill site. Target monitoring points may be 
locations within the existing infrastructure, or they may be added features included 
for the specific purpose of monitoring. Whenever liquids are conveyed by pumping 
through pipes, flow meters can be used to measure flow rate. When measuring 
leachate flow, because of the potential for high-suspended solids content and min-
eral precipitation, conventional water flow meters that use turbines or paddle wheels 
should be used with caution. Ultrasonic or magnetic flow meters are a better choice 
because clogging concerns are alleviated. In addition to flow rate, most flow meters 
allow for measurement of cumulative flow volume. Flow meters can be coupled 
with an electronic data logger or a chart recorder for continuous data collection, or 
the operator can manually record instantaneous and cumulative liquid volume at 
designated intervals following the operations plan.
Liquid pressures are measured in a variety of ways. In the case of pipes or tanks, 

standard dial-pressure gauges or graduated transparent pipes allow for visual measure-
ments. Other instruments are often used when a visible reading is not possible or fea-
sible, such as liquid levels in sumps, pump stations, or wells. Water level sounders 
consist of water sensors mounted on the tip of a measuring tape and reel, and are 
designed to be lowered into wells or similar locations until an audio or visual signal 
indicates the water surface has been reached. The corresponding depth on the measur-
ing tape is recorded and referenced to a fixed object (e.g., top of well casing) or bench-
mark elevation point near the surface. Depending on the type of sensor employed, these 
devices may have trouble assessing liquid levels in gas or leachate wells where foam 
is present, a problem which often results when landfill gas bubbles through leachate.

Submersible electronic pressure transducers, sometimes referred to as piezome-
ters (not to be confused with boreholes or wells used to measure water level), are 
attached to cables that provide power and transmit a signal, and provide a measure-
ment of the pressure at the tip of the sensor (Fig. 16.2). This device can be lowered 
into a well, and the point where pressure begins to increase indicates the water sur-
face. Such devices can also be mounted at a fixed point (such as the outside of a tank 
or at a point in the LCRS) and used to measure the depth of water above the tip of 
the transducer. The target depth of water to be measured, the surrounding environ-
ment, cost, labor, data quality objectives, and the frequency of exposure should be 
considered when selecting an instrument.

Sensors that are installed permanently inside the landfill environment should take 
into account possible corrosion, high overlying waste pressures, elevated tempera-
tures, or other conditions that may damage the sensor. Sensors that are buried within 
soil or waste, as well as the attached cable, must be able to accommodate much 
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larger physical pressures on the device (not necessarily the pressure being measured) 
relative to those sensors only used for measurement of liquid depth. For devices 
buried in the landfill, it is important to consider that the pressure reading measured 
represents a combination of both liquid and gas pressure (Kadambala et al. 2011); 
for some applications, this could confound the results. The application of in-situ 
pressure sensors will be discussed in greater detail in Sect. 16.8 of this chapter.

16.3  Leachate Chemical Composition

Landfill operators commonly monitor leachate on a routine basis as part of regu-
latory permit conditions, or to meet pretreatment or treatment requirements. The 
majority of the parameters useful for describing the chemical conditions of landfill 
leachate require laboratory analytical methods. Simple techniques may be per-
formed at the landfill site if the facility is equipped with the appropriate field 
 measurement equipment. Some of the laboratory analyses target specific compo-
nents or elements (e.g., chloride, toluene), while other methods provide a measure 
of  an  overall  characteristic  (e.g.,  BOD).  Typical  leachate monitoring  parameters  
are described in the following sections, and are organized into measurements made  
in the field and classes of constituents measured in laboratory (organic strength mea-
surements, inorganic strength measurement, nutrients, and trace chemicals; 
Table 16.2 summarizes these classes and major associated water quality indicators). 
Specific laboratory analytical methods are not presented, and readers are referred to 

Fig. 16.2  Pressure transducer used for measuring the location of liquids surface with a landfill well
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Table 16.2  Classes of leachate monitoring constituents

Leachate constituent 
class Description

Examples of specific parameters 
monitored

Field parameters Measurements made immediately after collecting samples using portable 
probes and meters

pH

Temperature

Specific conductance

Oxidation reduction potential

Dissolved oxygen

Organic strength 
measurement

Organic chemicals are created from biological decay of the waste and 
leaching from waste components themselves. Some organic matter (OM) 
parameters represent biodegradable OM, while others characterize total 
OM. The concentration and type of organic matter determines treatment 
requirements and provides an indication of the waste stabilization 
environment inside the landfill

BOD

Chemical Oxygen demand (COD)

Total organic carbon (TOC)

Inorganic strength 
measurements

Depending on waste composition, leachate contains substantial amounts  
of dissolved inorganic ions. There may be measured in bulk (TDS) or 
individually (anions, cations)

TDS

Anions (chloride, potassium)

Cations (sodium, calcium, magnesium)

Nutrients Several nitrogen and phosphorous chemicals are present in leachate, though 
nitrogen is more prominent. Ammonia-nitrogen content often strongly 
controls treatment options, although dissolved organic nitrogen can be 
limiting when a treatment facility discharges to nutrient-limited water bodies

Ammonia

Total Kjeldahl Nitrogen

Nitrate/nitrite

Total phosphorus

Trace constituents A variety of trace constituents, both organic and inorganic, leach from 
waste components in the landfill

Heavy metals and metalloids

Organic pollutants
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standard water and wastewater analytical method compendia (Rice et al. 2012; US 
EPA 2013). Leachate quality can vary tremendously from site to site (and within a 
single site) as a function of waste type, age, climate and operating conditions. 
Numerous publications describe leachate quality (Chu et al. 1994; Kjeldsen et al. 
2002); example ranges of several major constituent concentrations are presented for 
landfills practicing sustainable technologies to provide likely magnitudes and trends.

16.3.1  Sample Collection and Field Parameter Measurement

Leachate samples can be collected from multiple locations, including wells or simi-
lar boreholes within the landfill, leachate sumps or pumping stations, pressurized 
pipes,  and  external  storage  areas  (tanks,  ponds).  Since  leachate  originates  from 
 multiple locations within a landfill unit or from different landfill cells are often com-
bined as part of the collection and conveyance system, the sample collection location 
should  be  appropriately  noted  and  considered when  interpreting  results.  In  some 
cases, leachate samples can be obtained directly from a sampling port or accessible 
leachate surface, but certain locations will require sampling pumps or manual bail-
ers. Sample agitation may impact analytical results. Exposure to air can alter some 
water quality parameters (e.g., dissolved oxygen, oxidation reduction potential, vola-
tile organic compound concentrations) and excessive stirring of sediments from sam-
pling locations may result in elevated suspended solids content (which can in turn 
increase the concentration of other parameters if included in the measurement).

The pH of a leachate sample is a measurement of the hydrogen ion (H+) concen-
tration in the leachate and describes how “acidic” or “basic” the solution is. The pH 
is reported as a numerical value in the range of 0–14. Acid solutions have a low pH, 
while basic solutions have a high pH; a pH value in the range of 6–8 is considered 
neutral. Most MSW leachates are relatively neutral, though as discussed in Chap. 2, 
a pH outside of the neutral range may occur, which would be reflective of a distinct 
stage of waste decomposition in the landfill. Figure 16.3 provides pH data for two 
landfills over a 20–25 year period; both landfills practiced technologies to enhance 
waste stabilization (described in Chap. 4). The vast majority of all pH data for these 
two sites fall in the 6–8 range.

The specific conductance (also referred to as electrical conductance or conduc-
tivity) provides a measure of the ionic strength of a solution by measuring the 
degree  that  a  sample conducts  an electrical  current. Both positively-charged dis-
solved ions (cations) and negatively-charged ions (anions) contribute to the overall 
ionic strength. A greater concentration of dissolved ions in a liquid sample results in 
a larger specific conductance. All leachates contain dissolved ions, but landfills co- 
disposing ash will typically have higher conductivity because of the greater mass of 
inorganic ions leaching from the ash. Conductivity provides a quick, simple means 
of estimating the total dissolved solids (TDS) content of leachate, and measure-
ments are typically reported in units of μmho/cm or mS/cm; example data are pre-
sented in Fig. 16.3.
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An  oxidation-reduction  potential  (ORP)  probe  provides  an  indication  of  how 
oxidizing  or  reducing  the  landfill  environment  is.  Biologically  active  anaerobic 
landfills are by nature reducing. The units of ORP are mV and most landfill leach-
ates will have negative ORP values. The dissolved oxygen (DO) content of leachate 
can be measured using a probe connected to portable meter portable meter; units are 
mg DO/L. Landfill leachate in most cases have a low DO, although this will depend 
on sample location and the level of atmospheric exposure during sampling.

16.3.2  Organic Strength Measurements

As described in Chap. 2, the type of OM present in landfill leachate varies with the 
dominant landfill environment and stabilization stage. Looking at several different 
organic strength measurements thus provides useful information. Because so many 
different kinds of organic chemicals may be present in landfill leachate, it is not 
practical to measure them individually. However, since organic chemicals have the 
potential to be oxidized, laboratory measurements of oxygen demand provides a use-
ful means of measuring organic strength. BOD consists of biologically degradable 
dissolved organics in the leachate, while COD is a measure of chemically oxidizable 
components  and  reflects  the  combined  oxygen demand  represented  by BOD and 

Fig. 16.3 pH and specific conductance at two landfills practicing liquids addition
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other oxidizable non-biodegradable components  (large molecular weight OM and 
some oxidizable inorganic chemicals). As indicated in Chaps. 2 and 11, the ratio of 
BOD to COD provides a means to assess the relative biodegradability of the leachate 
OM. Leachate from landfills in the acid phase of waste of decomposition is usually 
dominated by biodegradable OM, and the ratio of BOD to COD is approximately 1. 
Some authors suggest BOD to COD ratio of less than 0.1 to be an indicator of mature, 
stable  leachate (Kjeldsen et al. 2002; Tolaymat et al. 2004). Figure 16.4 provides 
BOD and COD measurements for two landfills including the BOD:COD ratios; both 
landfills practiced liquids addition to stabilize the waste. In the case of the DSWA 
landfill, BOD initially was high and decreased over time, while at ACSWL, BOD 
concentration were relatively low throughout. Both landfills possessed a BOD:COD 
of approximately 0.1 or less in the later years.

Fig. 16.4  BOD, COD and BOD:COD at two landfills practicing liquids addition
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Another measurement of  bulk OM of  a  liquid  is  total  organic  carbon  (TOC); 
TOC provides the magnitude of all organic compounds present, but does not inde-
pendently allow assessment of the stabilization phase. Although it is not feasible to 
measure all individual organic chemicals, in some cases, measurement of specific 
dominant species, namely volatile fatty acids (VFA) can prove helpful. As VFAs are 
present at greater concentration in the acid-forming phase of waste stabilization, 
VFA measurement (either individual compounds or a combined) provides similar 
helpful information as the BOD:COD ratio.

16.3.3  Inorganic Strength Measurements

Inorganic chemicals also make up a considerable fraction of the dissolved mass of 
constituents in landfill leachate. Dissolved inorganic ions (anions and cations) make 
up  the bulk of  the dissolved  inorganic strength. Primary anions  include chloride, 
bicarbonate, and sulfate. Primary cations include sodium, potassium, ammonium, 
calcium and magnesium. Most of  the  ions  result  from  the disposed waste as  the 
direct  source  (e.g.  chloride  and  sodium  from  food waste).  Bicarbonate  (HCO3

−) 
primarily  results  from CO2 produced during the biological waste decomposition 
process and its subsequent dissolution into leachate.
Concentrations of individual ions can be measured with a variety of techniques. 

Ion chromatography can be applied to both anions (Cl−, SO4
2−, HCO3

−) and cations 
(Na+, K+, Ca2+, Mg2+), although cations can also be measured using the same tech-
niques used for measuring trace heavy metals. Together, these ions along with dis-
solved organic matter constitute the bulk of the TDS in leachate. TDS measurements 
involve filtration to remove suspended solids followed by evaporation of water and 
measurement of remaining mass. Measurement of dissolved inorganic ions, either in 
bulk or as part of TDS, provides information regarding the overall strength of the 
leachate. Often, levels of dissolved organic ions can dictate treatment options for the 
leachate. Dissolved ions tend to increase over time in closed landfills practicing 
leachate recirculation, attributable at least partly to the reduction in dilution of leach-
ate  that occurs since rainwater percolation is  limited. If clean water  is continually 
added to the landfill over time, as would be the strategy with a flushing bioreactor, ion 
concentrations would decrease. Inorganic strength measurements are not very useful 
in assessing internal landfill environment (i.e., the degree of biological activity) 
because they tend to be conservative (resist biological or chemical transformation). 
Figure 16.5 presents TDS and chloride measurements for the two landfills previously 
described. In the case of the DSWA landfill, TDS dramatically decreases over the first 
5 years and then begins to decrease slowly; ACSWL TDS concentrations increase 
with time. The initially high DSWA TDS corresponds to the large OM content (as 
seen in Fig. 16.4). The slow decrease in TDS over time compared to the slow increase 
with ACSWL corresponds to differences in liquids management after closure. The 
DSWA  site  discontinued  recirculating  leachate  and  any  new  liquids  addition was 
from rainfall, while ACWSL continued the practice of leachate recirculation.

16.3   Leachate Chemical Composition
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16.3.4  Nutrient Analysis

While many chemicals may be considered a nutrient, in the context discussed here, 
the term nutrient refers to nitrogen and phosphorous compounds in a wastewater 
such as leachate. Ammonia nitrogen is the most abundant nutrient in landfill leach-
ate, and as nitrogen is released into leachate as a result of biological decay of waste 
components, ammonia nitrogen concentration increases. The form of ammonia 
nitrogen, either NH4

+ (ammonium) or NH3 (dissolved or ammonia gas) depends on 
pH; under neutral and acidic conditions, the majority will exist as NH4

+. Ammonia 
is conserved in the anaerobic environment of a landfill and thus it builds up in leach-
ate over time similar to ions such as chloride and sodium. Figure 16.6 present the 
total  ammonia  leachate  concentrations  for  the  DSWA  and  ACSWL  facilities;  
the concentration trends are similar to that of chloride (for similar reasons). Total 
Kjeldahl Nitrogen (TKN) is also a commonly used nitrogen parameter measured in 
wastewater; it represents the sum of the ammonia nitrogen and organic nitrogen 
species (the majority in leachate will be ammonium N). Nitrate (NO3

−) and nitrite 
(NO2

−) are other inorganic nitrogen species, and while the concentration of these 
ions should be relatively small compared to the total nitrogen content (because of 
the anaerobic nature of most landfills), these ions may be important in systems 
where air  addition  is  employed. Phosphorous occurs  at  low concentrations  com-
pared to nitrogen. Phosphorous analyses frequently performed include the inorganic 
form as well as total phosphorous (TP).

Fig. 16.5 TDS and chloride concentrations at two landfills practicing liquids addition
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16.3.5  Trace Constituent Analysis

The bulk organic and inorganic strength of leachate (along with ammonia-N, which 
will principally be present as one of the major ions) dominate treatment consider-
ations. The trace pollutants, however, which occur in much lower concentration, often 
dictate regulatory concerns because of their potentially adverse health effects. These 
parameters are necessary measurements when determining how a leachate may be 
managed outside of  the  landfill. Examples of  trace heavy metals  include arsenic, 
cadmium, mercury,  lead,  and  zinc,  while  examples  of  trace  organic  compounds 
include benzene, vinyl chloride, acetone, and anthracene. While the concentrations 
of these chemicals are relatively low compared to the other leachate parameters 
discussed, their presence may be important when assessing treatment options and 
long-term leachate management options, and when evaluating potential ground-
water impacts.
In general, one would expect trace chemical constituents to decrease with time. 

Since most of these chemicals are not routinely detected, however, they may not 
exhibit trends in the pronounced manner that the bulk constituents do. The fate of 
organic trace chemicals will be highly dependent on the specific chemical com-
pound and properties such as volatility, absorption potential, and biodegradability 
(Reinhart and Pohland 1991). Some trace metals will be bound within the waste, but 
concentrations will be highly dependent on species, pH, and ORP (Kim et al. 2011).

16.4  Gas Volume, Pressure, and Flux

As  described  in  Chap.  13,  appropriate management  of  LFG  is  one  of  the most 
important objectives of sustainable landfill practice. The monitoring of LFG, both 
as part of GCCS operation and to assess and control emissions to the environment, 
is very important. Table 16.3 summarizes the various monitoring parameters uti-
lized to characterize LFG and their associated measurement techniques.

Fig. 16.6  Ammonia concentrations at two landfills practicing liquids addition

16.4   Gas Volume, Pressure, and Flux
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16.4.1  Flow Rate and Pressure

Gas flow at a landfill will be measured at multiple locations, including individual 
collection wells, as well as centralized regulation stations and extraction points (see 
Chap. 13 for more details). Gas flow rate is normally measured at individual LFG 
extraction  points  that  are  equipped with  a well  head. A valve  is  used  to  control 
applied vacuum to the well, with ports on either side of the valve allowing measure-
ment of system pressure and well pressure. The well-head includes a device for flow 
measurement, typically either a pitot tube or an orifice plate. Pressure measurement 
devices, most often in the form of a differential pressure transducer included as part 
of a mobile gas-monitoring meter, are used to measure pressure drop across the 
device, which can in turn be used to calculate flow rate (see Fig. 16.7). A port for 
temperature monitoring or an in-line temperature gauge is provided, as temperature 
is one of the parameters used in the flow rate calculation.
At sites using one or more regulating stations for gas control, measurement of 

multiple wells occurs on an automatic basis at user-specified intervals using a mass 

Table 16.3  Monitoring parameters for landfill gas

Parameter Techniques

Composition Handheld meters are typically used at the landfill site for bulk gas 
concentration measurement

Bulk gases: Field techniques such as colorimetric detector tubes can be used to 
measure some trace gases. Trace component analysis is often performed 
by collecting a sample and analyzing individual components in the 
laboratory

 •  CH4

 •  CO2

 •  O2

Trace gases

 •  H2S

 •  CO

 •  NMOC

Flow rate Flow rate can be measured using a field meter and well-heads on a 
manual basis. Extraction pipes can be equipped with dedicated flow 
meters. Flow can be measured directly or can be calculated after 
measuring a differential pressure

Well head

Extraction manifold

Blower/flare station

Pressure Pressure can be measured using field meters and monitoring points at 
the well-head or in the pipe manually. Dedicated pressure gauges can be 
installed at desired points. Instruments can be placed within the landfill 
to measure in-situ gas pressure

Well head

Extraction manifold

Within the waste

Surface emission A variety of techniques can be used to measure the concentration or flux 
of gas from the landfill surface, including dedicated flux chambers, 
optical scanning (open-path FTIR), and portable equipment such as 
photoionization detectors (PIDs) or flame ionization detectors (FIDs)

Flux chamber

Optical scanning

FID/PID
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flow measurement device. These systems will normally include instrumentation for 
gas composition measurement. The station utilizes a programmable logic controller 
that  allows  establishment  of  set  points  to  adjust  applied  vacuum,  typically  in 
response to low CH4 and/or elevated O2 concentrations. These measurements will 
typically be data logged. At blower/flare stations or gas-to-energy systems (where 
present), combined gas flow rate from the entire collection system is measured 
using mass flow meters, with flow rates and cumulative volume continuously 
recorded at specified intervals. Figure 16.8 provides an example of such data, show-
ing both total volume of methane collected over time and the percentage of methane 
for a landfill practicing liquids.

16.4.2  Surface Emissions

Several methods are available for monitoring gases at the landfill surface. Some regu-
latory programs require surface CH4 emissions monitoring on a routine basis (typi-
cally four times per year) in areas where gas is being actively extracted. The instrument 
used for this monitoring normally consists of an flame ionization detector (FID) or a 
photoionization detector PID and the concentrations of interest are much lower than 
that produced within the landfill (e.g., 500 ppm is the US-specified surface concentra-
tion limit). This monitoring approach can provide insight regarding areas where high 
gas production rates are occurring and/or poor GCCS performance.

Fig. 16.7  Measurement of landfill gas flow rate as a wellhead using a portable meter

16.4   Gas Volume, Pressure, and Flux
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Flux chambers (sometimes referred to as flux boxes) have been used at several 
landfills to assess surface emissions (Reinhart et al. 1992); these devices measure 
the flux of gas emitted through the surface area into the chamber (Fig. 16.9). These 
instruments are typically used for research purposes and can provide more robust 
data in a specific area when compared to surface monitoring using an FID or a PID; 

Fig. 16.8  Gas flow rate and percentage methane measured over time at the gas collection station 
of a landfill practicing liquids addition

Fig. 16.9  Basic setup of flux chamber use for measuring landfill surface emissions

16 Tools and Techniques for Landfill Monitoring
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however, high spatial variability across the landfill surface has been observed when 
using flux chambers (Borjesson et al. 2000; Spokas et al. 2003).
Other  techniques  have  been  developed  to measure  the  surface  emissions  flux 

from  large  landfill  surfaces.  The  open-path  FTIR  technique  involves  sending  a 
series of energy waves over the surface of landfill, reflecting them back, and mea-
suring a resulting change in the wave that corresponds to the amount of a particular 
gas in the air above the landfill (Fig. 16.10; US EPA 2006b; Thoma et al. 2010). 
These measurements can be converted to an emission rate or flux. This technique is 
somewhat expensive, but may provide a better estimate of emissions over a large 
area  compared  to  single-point  flux  box measurements.  This  technique  has  been 
most commonly applied for measuring landfill CH4 surface emissions.

16.5  Chemical Composition of Gas

Measurement of CH4 and CO2 produced from biological decomposition, coupled 
with N2 and O2 to assess the occurrence of atmospheric air in an active GCCS, pro-
vides necessary data on conditions within the landfill and performance of the GCCS. 
Thus, measurement of the concentration of LFG constituents is performed routinely. 
Since most LFG sources are assumed to be saturated with moisture, the water vapor 
content is not routinely measured. Trace chemicals of importance are also measured 
on occasion to address regulatory needs or site-specific issues.

16.5.1  Bulk LFG Constituents

Measurement of gas composition involves analysis of the major components (CH4, 
CO2, O2) in the field, measurement of trace components in the field, or collection of 
a sample that is subsequently sent to a laboratory for analysis. Field devices are 
equipped with an infrared sensor with frequency calibrated to detect CH4 and CO2. 

Fig. 16.10  Illustration of open path technique for measuring surface emissions at a landfill

16.5   Chemical Composition of Gas



376

These field devices typically are also equipped with sensors to measure pressure, 
flow, and/or temperature at GCCS well heads. N2 concentration is not directly mea-
sured in the field, but is often assumed as comprising the “balance” after subtracting 
the  concentration  of  CH4,  CO2, and O2, which are normally measured directly. 
Samples for laboratory analysis are collected in non-reactive sampling bags (e.g., 
Tedlar) or passivated stainless steel canisters. Both CH4 and CO2 are typically ana-
lyzed in the lab using a gas chromatograph (GC) equipped with a (FID), while O2 is 
typically measured with a device equipped with an electrochemical sensor.

16.5.2  Trace Constituents

A number of trace chemicals are present in landfill gas and Table 16.4 provides a 
summary of many trace chemical classes. Trace gases may be of concern for a vari-
ety of reasons. Hydrogen sulfide (H2S) is a problematic gas because of strong odor 
and public health issues when emitted to the atmosphere, and when collected high 
levels of H2S can create problems with energy production equipment and other 
mechanical gas moving devices because the gas can transform to sulfuric acid and 
prematurely wear these components. Siloxanes are a group of chemicals that are of 
concern at landfills with energy production equipment, as these chemicals can build 
up on gas moving equipment and their oxidation product, silicate, can cause prema-
ture wear, similar to H2S.
Another group of chemicals that may be measured is non-methane organic com-

pounds (NMOCs). This is a group of compounds that have the potential to cause a 
variety of human health and environmental impacts. These compounds cause the 
formation of acid rain, contribute to global warming, and lead to other adverse 
effects. The amount of NMOC emissions is one of the factors that dictate whether 
an MSW landfill is required to collect actively LFG in the US. Another trace con-
stituent that can be measured is carbon monoxide (CO). The presence of CO can 
suggest that subsurface oxidation or smoldering is occurring; this is a concern of 
landfills with active GCCS (see Chap. 13) and landfills where air addition is prac-
ticed  (see  Chap.  14).  Although  researchers  have  not  established  CO  levels  that 

Table 16.4  Examples of trace LFG constituents commonly measured and associated measurement 
techniques

LFG chemical or 
chemical group Measurement option(s)

CO Colorimetric detector tube (field), electrochemical cell (field), also 
laboratory analysis

H2S Colorimetric detector tube, electrochemical cell attachment to LFG 
analyzer (field), or laboratory technique (e.g., thermal conductivity 
detector)

NMOCs Laboratory analysis (sample collection in passivated stainless steel 
canister)

Siloxanes Laboratory analysis (different sample collection methods include collection 
in passivated stainless steel canister and the use of in-line midget 
impingers)

16 Tools and Techniques for Landfill Monitoring
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definitively suggest the presence of smoldering within the waste, concentrations on 
the order of several hundred ppmv could indicate potential issues.

Field measurement of H2S can be conducted using commonly used landfill gas 
analyzers equipped with an electrochemical cell or pod that measures H2S. The cell 
requires periodic re-charging. Colorimetric detector tubes are a simple method, and 
are commonly used for the measurement of H2S or CO concentrations. Once a LFG 
sample is collected in a non-reactive sample bag, the sample is pumped through a 
glass tube containing a reactive medium that changes color when exposed to a spe-
cific gas. The concentration is subsequently read directly on the tube. Laboratory 
measurements of trace gases may also be used as some lab techniques provide a 
more robust or accurate measurement technique.

16.6  Landfill Volume, Density, and Topography

16.6.1  Surface Topography

Professional surveyors use a variety of techniques to measure the surface elevation 
of landfills and surrounding property and infrastructure. These include manual mea-
surements using a transit and staff along with measuring tapes. More common today 
is GPS-enabled survey equipment that uses satellite data to measure elevation and 
location (Fig. 16.11).  In all cases, an appropriate benchmark of known elevation 
must be established and referenced. This benchmark should be a stable area not 

Fig. 16.11  Use of GPS technology to measure surface elevation and location

16.6  Landfill Volume, Density, and Topography
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prone to change. Areal surveying technologies (e.g., photogrammetry using a light 
aircraft) are now also commonly employed at landfill sites. Recently, the use of 
unmanned air vehicles (also referred to as drones) have been proposed as a novel, 
low-cost approach to obtaining photogrammetric survey information at landfills, but 
regulatory questions regarding civil applications of drone use are still in develop-
ment, thus more widespread use of this technique may not occur for some time.

16.6.2  Density (Specific Weight) Estimation

Density relates the mass of a media to the volume it occupies; specific weight relates 
the weight of a medium to volume (see Chap. 5 for a description of the relationship 
between the terms). Specific weight is an important parameter to track at landfills as 
it reflects the efficiency of airspace utilization for a landfill unit. Most commonly, the 
specific weight is estimated by measuring the weight of incoming waste loads depos-
ited in the landfill and estimating the volume of utilized airspace capacity in that 
same time frame based upon surface topography data. This type of measurement, 
however, is not the true value for the landfilled waste materials as it does not include 
the weight of the cover soil (which is not normally measured in routine landfilling 
operations).  Another  complicating  factor  is  that  waste  volume  changes  (settles) 
through both physical  and biological mechanisms  (see Chap. 5). As described  in 
Chap. 5, it is common to track the apparent density (or specific weight) at a landfill 
site—this represents the mass (or weight) of disposed waste per volume of landfill 
space (waste plus soil) and is commonly used in landfill capacity projections.
Specific  weight  or  density  can  also  be  calculated  by  excavating  or  augering 

material from a landfill, weighing the removed material, and applying a measured 
or  estimated  volume  of  the  excavation  (Zekkos  et  al. 2006).  Borehole measure-
ments using this technique have found, as expected (see Chap. 5), that waste mass 
(waste plus soil) densities increase with depth within the landfill and increase with 
decomposition (as the heavier soil becomes more prominent; Jang 2013).

16.6.3  Settlement Measurement Techniques

As biological landfill stabilization proceeds, mass is converted from organic mate-
rial in the waste and leachate into gaseous products, primarily CH4 and CO2. The 
loss in mass from the landfill system corresponds to a loss in landfill volume, mani-
fested as a decrease in landfill height. Measurements of landfill settlement rate pro-
vide an indirect indication of the state of waste stabilization activity, although 
settlement may not occur linearly with time; furthermore, settlement will continue 
even after most of the biological stabilization process has occurred (see Chap. 5).

Waste settlement is most commonly monitored by measuring the elevation of the 
landfill surface using the techniques previously described. This approach works 
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Landfills are the primary option for waste disposal all over the
world. Most of the landfill sites across the world are old and are not
engineered to prevent contamination of the underlying soil and
groundwater by the toxic leachate. The pollutants from landfill
leachate have accumulative and detrimental effect on the ecol-
ogy and food chains leading to carcinogenic effects, acute toxicity,
and genotoxicity among human beings. Management of this highly
toxic leachate presents a challenging problem to the regulatory
authorities who have set specific regulations regarding maximum
limits of contaminants in treated leachate prior to disposal into the
environment to ensure minimal environmental impact. There are
different stages of leachate management such as monitoring of its
formation and flow into the environment, identification of haz-
ards associated with it, and its treatment prior to disposal into the
environment. This article focuses on: (i) leachate composition, (ii)
plume migration, (iii) contaminant fate, (iv) leachate plume mon-
itoring techniques, (v) risk assessment techniques, hazard-rating
methods, mathematical modeling, and (vi) recent innovations in
leachate treatment technologies. However, due to seasonal fluctu-
ations in leachate composition, flow rate, and leachate volume,
the management approaches cannot be stereotyped. Every scenario
is unique and the strategy will vary accordingly. This article lays
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out the choices for making an educated guess leading to the best
management option.

KEY WORDS: hazard identification, landfill leachate plume,
pollution, treatment technologies

1. INTRODUCTION

Landfill leachate is defined as any liquid effluent containing undesirable
materials percolating through deposited waste and emitted within a landfill
or dump site. Often, its route of exposure and toxicity remains unknown and
a matter of prediction due to extremely complicated geochemical processes
in the landfill and the underlying soil layers (Taulis, 2005; Koshi et al., 2007).
The prevalence of landfill waste dumping with or without pretreatment is on
the rise around the globe due to increasing materialistic lifestyle and planned
obsolescence of the products. According to Laner et al. (2012), in 2008 up to
54% of the 250 × 106 metric tons of municipal solid waste (MSW) in USA was
disposed off in landfills. Also, 77% MSW in Greece, 55% MSW in the United
Kingdom, and 51% MSW in Finland was landfilled in 2008 while about 70% of
MSW in Australia has been directed to landfills without pretreatment in 2002
(Laner et al., 2012). In Korea, Poland, and Taiwan around 52%, 90%, and
95% of MSW are dumped in landfill sites, respectively (Renou et al., 2008a).
In India, the accumulated waste generation in four metropolitan cities of
Mumbai, Delhi, Chennai, and Kolkata is about 20,000 tons d−1 and most of it
is disposed in landfills (Chattopadhyay et al., 2009). Most of the landfill sites
across the world are old and are not engineered to prevent contamination
of the underlying soil and groundwater by the toxic leachate.

Leachate presents high values of biochemical oxygen demand (BOD),
chemical oxygen demand (COD), total organic carbon (TOC), total sus-
pended solid (TSS), total dissolved solid (TDS), recalcitrant organic pol-
lutants, ammonium compounds, sulfur compounds, and dissolved organic
matter (DOM) bound heavy metals (HMs) which eventually escape into
the environment, mainly soil and groundwater, thereby posing serious en-
vironmental problems (Lou et al., 2009; Gajski et al., 2012). Around 200
hazardous compounds have already been identified in the heterogeneous
landfill leachate, such as aromatic compounds, halogenated compounds,
phenols, pesticides, HMs, and ammonium (Jensen et al., 1999). All of these
pollutants have accumulative, threatening, and detrimental effect on the sur-
vival of aquatic life forms, ecology, and food chains leading to enormous
problems in public health including carcinogenic effects, acute toxicity, and
genotoxicity (Park and Batchelor, 2002; Moraes and Bertazzoli, 2005; Gajski
et al., 2012). Broadly speaking, landfill leachate has deep impact on soil
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permeability, groundwater, surface water, and nitrogen attenuation all of
which will be discussed in Section 4.1.

A leachate is characterized by two principle factors, viz, its composition
and the volume generated, both of which are influenced by a variety of
parameters, such as type of waste, climatic conditions, and mode of opera-
tion. The most important factor influencing landfill leachate composition is
the age of the landfill (Nanny and Ratasuk, 2002; Kulikowska and Klimiuk,
2008). The regulatory bodies around the world have set specific maximum
discharge limits of treated leachate that has to be maintained prior to the
disposal of treated leachate into any surface water bodies, sewer channels,
marine environment, or on land to ensure minimal environmental impact.
These are discussed in Section 2. Monitoring of the contaminated leachate
plume is an arduous but essential task necessary for measuring the extent
of spread of pollution and taking management decisions regarding leachate
treatment. A number of techniques have been followed for the past three
decades for leachate plume migration monitoring, such as hydrogeological
techniques for groundwater sampling for geochemical analysis, use of stable
isotopes, electromagnetic methods, electrical methods, and bacteriological
experiments, all of which will be discussed in details in Section 3.2.

Assessing the effect of leachate on the environment needs systematic
study procedure. The task is extremely difficult and largely prediction based,
due to unpredictability of the soil environment, groundwater flow, and varia-
tion of soil permeability in different parts of the world. However, an educated
guess can be taken on the pollution scenario and risk assessment can be done
either by using relative hazard assessment systems or by using stochastic and
deterministic models after gathering background physicochemical data. Soft-
ware are also used for this purpose. Section 4.2 describes the procedure of
risk assessment of landfill leachate.

Once the landfill leachate plume is monitored and risk assessment has
been performed, then the management decision regarding leachate treatment
can be taken. Already some comprehensive reviews on various leachate
treatment technologies have been published (Alvarez-Vazquez et al., 2004;
Deng and Englehardt, 2006; Kurniawan et al., 2006b; Wiszniowski et al.,
2006; Renou et al., 2008a; Foo and Hameed, 2009; Kim and Owens, 2010;
Laner et al., 2012). So we have included a brief but detailed description of
only the most recent developments in this field, mainly in tabular form in
Section 5 (Tables 6–12).

This article elucidates the complete leachate management process, be-
ginning with leachate composition, plume migration, fate of contaminant,
plume monitoring techniques, risk assessment techniques, hazard assessment
methods, mathematical modeling up to the recent innovations in leachate
treatment technologies. This article also steers clear from the topics in which
good reviews are already available and only the most relevant information
has been included.
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TABLE 1. Typical range of leachate composition in municipal waste (excludes volatile and
semivolatile organic compounds) (Canter et al., 1988; Lee and Jones, 1991; Lee and Jones-Lee,
1993)

Typical range (mg L−1, Upper limit (mg L−1,
Parameter unless otherwise noted) unless otherwise noted)

Total alkalinity (as CaCO3 ) 730–15,050 20,850
Calcium 240–2330 4080
Chloride 47–2400 11,375
Magnesium 4–780 1400
Sodium 85–3800 7700
Sulfate 20–730 1826
Specific conductance 2000–8000 μmhos cm−1 9000 μmhos cm−1

TDS 1000–20,000 55,000
COD 100–51,000 99,000
BOD 1000–30,300 195,000
Iron 0.1–1700 5500
Total nitrogen 2.6–945 1416
Potassium 28–1700 3770
Chromium 0.5–1.0 5.6
Manganese Below detection level—400 1400
Copper 0.1–9.0 9.9
Lead Below detection level—1.0 14.2
Nickel 0.1–1.0 7.5

2. LANDFILL LEACHATE: CHARACTERISTICS AND REGULATORY
LIMITS

Landfill leachate can be categorized as a soluble organic and mineral com-
pound generated when water infiltrates into the refuse layers, extracts a series
of contaminants, and triggers a complex interplay between the hydrologi-
cal and biogeochemical reactions (Renou et al., 2008a). These interactions
act as mass transfer mechanisms for producing moisture content sufficiently
high to initiate a liquid flow (Aziz et al., 2004a), induced by gravitational
force, precipitation, surface runoff, recirculation, liquid waste codisposal,
groundwater intrusion, refuse decomposition, and initial moisture content
present within the landfills (Achankeng, 2004; Foo and Hameed, 2009). The
knowledge of leachate characteristics at a specific landfill site is the most
essential requirement for designing management strategy. This knowledge is
equally important for designing containment for new landfill where leachate
will be extracted, as well as for managing the old landfill that lacks proper
safeguards installed to contain leachate (Rafizul and Alamgir, 2012). Typical
composition of a municipal landfill leachate is given in Table 1.

Two most important factors for characterizing leachate are volumetric
flow rate and its composition. Leachate flow rate depends on rainfall, surface
runoff, and intrusion of groundwater into the landfill (Renou et al., 2008a).
According to a number of researchers (Harmsen, 1983; Stegman and Ehrisg,
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1989; Baig et al., 1999; Christensen et al., 2001; El-Fadel et al., 2002; Nanny
and Ratasuk, 2002; Rodrı́guez et al., 2004; Rapti-Caputo and Vaccaro, 2006),
leachate composition is influenced by a number of factors, viz, (i) climatic
and hydrogeological conditions (rainfall, groundwater intrusion, snowmelt);
(ii) operational and management issues at the landfill (compaction, refuse
pretreatment, vegetation cover, recirculation, liquid waste codisposal, etc.);
(iii) characteristics of waste dumped in the landfill (particle size, density,
chemical composition, biodegradability, initial moisture content); (iv) inter-
nal processes inside landfill (decomposition of organic materials, refuse set-
tlement, gas and heat generation, and their transport); and (v) age of the
landfill. The leachate quality varies, not only from landfill to landfill, but also
between different sampling points at the same landfill site from time to time
due to the variation in the above factors.

Among all the above factors, leachate characterization depending on
age may be used for making initial management decisions since others are
too complex to estimate instantly. Although leachate composition may vary
widely within the successive aerobic, acetogenic, methanogenic, stabilization
stages of the waste evolution, four types of leachates can be defined accord-
ing to landfill age, viz, young, intermediate, stabilized, and old as shown in
Table 2. However, detailed management decision may be taken only after
considering all the above factors.

The characteristics of the landfill leachate can usually be represented by
the basic parameters COD, BOD5, BOD5/COD ratio, pH, suspended solids
(SS), ammonium nitrogen (NH4–N), total Kjeldahl nitrogen (TKN), and HMs.
The landfill age was found to have significant effect on organics and ammo-
nia concentrations (Kulikowska and Klimiuk, 2008). The concentration and
biodegradability of leachate usually decrease with its age. Young leachate
fractions have low molecular weight organic compounds characterized by
linear chains, which are substituted through oxygenated functional groups
such as carboxyl and alcoholic groups. Old leachate have organic com-
pounds with a wide range of molecular weight fractions having complex
structures with N, S, and O containing functional groups (Calace et al., 2001).
Hence, the management decision can be generalized and the treatment ap-
proach can be chalked out depending on the age of the landfill.

Landfill leachates cause enormous harm when they get released into the
environment without proper treatment, as will be discussed in Section 4.1.
In order to minimize their environmental impact, regulatory bodies around
the world require that the leachate volume is controlled and its toxicity
and contaminant level reduced by using proper treatment technologies
(Robinson, 2005). The regulatory limits of various leachate components in
different countries are discussed in Table 3. India has specific regulations
regarding construction, maintenance, and operation of a landfill and the
postclosure steps required to be taken for pollution prevention under
Schedule III of the MSW (management and handling) Rules, 2000. The
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TABLE 2. Physicochemical parameters of leachate of different age

Landfill age (years)

Parameters Young (0–5)
Intermediate
(5–10)

Stabilized
(10–20)

Old
(>20) References

pH <6.5 6.5–7.5 >7.5 — Foo and Hameed
(2009)

3–6 6–7 7–7.5 7.5 El-Fadel et al. (1997);
Scott et al. (2005)

TDS (mg
L−1)

10,000–25,000 5000–10,000 2000–5000 <1000 El-Fadel et al. (1997);
Scott et al. (2005)

BOD5 (mg
L−1)

10,000–25,000 1000–4000 50–1000 <50 El-Fadel et al. (1997);
Scott et al. (2005)

COD (mg
L−1)

>10,000 4,000–10,000 <4000 — Foo and Hameed
(2009)

15,000–40,000 10,000–20,000 1000–5000 <1000 El-Fadel et al. (1997);
Scott et al. (2005)

BOD5/COD 0.5–1.0 0.1–0.5 <0.1 — Foo and Hameed
(2009)

0.66–0.625 0.1–0.2 0.05–0.2 <0.05 El-Fadel et al. (1997);
Scott et al. (2005)

Organic
com-
pounds

80% volatile
fatty acids
(VFA)

5–30% VFA +
humic and
fulvic acids

Humic and
fulvic
acids

— Foo and Hameed
(2009)

Ammonia
nitrogen
(mg L−1)

<400 NA >400 — Foo and Hameed
(2009)

500–1500 300–500 50–200 <30 El-Fadel et al. (1997);
Scott et al. (2005)

TOC/COD <0.3 0.3–0.5 >0.5 — Foo and Hameed
(2009)

Kjeldahl
nitrogen
(mg L−1)

100–200 NA NA — Foo and Hameed
(2009)

1000–3000 400–600 75–300 <50 El-Fadel et al. (1997);
Scott et al. (2005)

Heavy
metals
(mg L−1)

Low to
medium

Low Low — Foo and Hameed
(2009)

Ca (mg L−1) 2000–4000 500–2000 300–500 <300 El-Fadel et al. (1997);
Scott et al. (2005)

Na, K (mg
L−1)

2000–4000 500–1500 100–500 <100

Mg, Fe (mg
L−1)

500–1500 500–1000 100–500 <100

Zn, Al (mg
L−1)

100–200 50–100 10–50 <10

Cl− (mg L−1) 1000–3000 500–2000 100–500 <100
Sulfate (mg

L−1)
500–2000 200–1000 50–200 <50

P (mg L−1) 100–300 10–100 — <10
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TABLE 3. Regulatory limits of leachate contaminants

Dissolved Total Phenolic
Parameter → COD BOD5 TOC NH4–N PO4–P solids SS nitrogen compounds Hg As Pb
Country ↓ (mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) References

UK — 60 — — — — — Ngo et al. (2008)
Hong Kong 200 800 — 5 25 — 100
Vietnam 100 50 — — 6 — 60
France 120 30 — 5 25 — 30
South Korea 50 — 50 — — 150
Taiwan 200 — — — 50 —
Poland 125 30 — 10 — — —
Australia 10 15 0.5 0.1 20 5 0.05 0.0001 0.05 0.005
Germany 200 20 — — 3 — — 70 — 0.05 — 0.5 Stegmann et al.

(2005)
Turkey 100 50 — — 1.0 (TP) 100 — Ozturk et al. (2003)
South Korea 400 — — 50 — — — 150 — — — — Ahn et al. (2002)

(inorganic
N)

Malaysia 100 50 — — — — 100 — — — — — Aziz et al. (2007)
China 100 — — 15 0.5 (TP) — — — — — — Yidong et al. (2012)
Bangladesh 200 50 — 50 — 2100 150 — — — — — Mahmud et al.
India

Inland surface 250 30 — 50 — 2100 100 100 1.0 0.01 0.2 0.1 MoEF (2000)
water

Public sewers — 350 — 50 — 2100 600 — 5.0 0.01 0.2 1
Land disposal — 100 — — — 2100 200 — — — 0.2 —
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recent stricter discharge limits for leachate demands the application of
advanced treatment techniques such as electrochemical treatments, mem-
brane filtrations, advanced oxidations, and so on, all of which involve high
installation and operational cost. According to a study by The World Bank
(1999), equipment donated by bilateral organizations remains idle due to
lack of training or funds for operation. The regulatory authorities managing
landfills inspect the incoming waste but are not very observant toward the
environmental impacts of waste disposal, which results in poor enforcement
of the discharge standards (The World Bank, 1999). The increased private
sector participation in leachate management can lead to better enforcement
of standards. Better incentives, such as low taxes, institutional support, etc.,
can draw private sector companies to the field of leachate management.

3. LEACHATE PLUME MIGRATION AND METHODS OF ITS
MONITORING

It is a well-established fact that leachate plumes are formed from landfills with
or without liners and these infiltrate into subsurface aquifers, subsequently
forming an even larger plume (Kjeldsen et al., 2002; Isidori et al., 2003; Baun
et al., 2004; Bloor et al., 2005; Slack et al., 2005). The processes associated
with leachate plume formation have also been discussed by other researchers
(Kjeldsen et al., 2002). Leaching tests designed to assess the release of toxic
leachate from a solid waste into the surrounding environment has been
earlier reviewed (Scott et al., 2005). A large number of research has already
been done to study the migration of leachate plume through landfill liners
(Baun et al., 2003; Edil, 2003; Chalermtanant et al., 2009; Haijian et al.,
2009; Lu et al., 2011; Varank et al., 2011). Two distinctive routes of landfill
leachate transport were identified by some researchers (Katsumi et al., 2001;
Foose et al., 2002). The first route is the advective and dispersive transport
of contaminants through defects in the geomembrane seams and through
clay liner underlying the geomembrane. The second route is the diffusive
transport of organic contaminants through the geomembrane and the clay
liner. It was reported that every 10,000 m2 of geomembrane liner contains
22.5 leaks on an average facilitating the leachate plume formation (Laine
and Darilek, 1993). Chofqi et al. (2004) deduced that there were several
factors that determine the evolution of groundwater contamination, such
as (i) depth of the water table, (ii) permeability of soil and unsaturated
zone, (iii) effective infiltration, (iv) humidity, and (v) absence of a system
for leachate drainage. Leachate plumes often contain high concentrations of
organic carbon such as volatile fatty acids (VFAs), humic-like compounds
and fulvic acids (FAs) (Christensen et al., 2001), ammonium (Christensen
et al., 2000), and a variety of xenobiotic compounds (e.g., BTEX (benzene,
toluene, ethylbenzene, and xylene) compounds, phenoxy acids, phenolic
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compounds, chlorinated aliphatic compounds, and a variety of pesticides)
(Kjeldsen et al., 2002; Baun et al., 2004). Nonvolatile dissolved organic carbon
(DOC), ferrous iron, methane, ammonium, sulfate, chloride, and bicarbonate
are also present in the leachate plume 10–500 times higher than natural
aquifer conditions (Christensen et al., 2001; Bjerg et al., 2003).

3.1. Fate of Contaminants in Leachate Plume

The generation of leachate plume depends upon the quantity and quality
of leachate, which varies seasonally depending upon the composition and
moisture content of the solid waste, hydrogeological conditions, climate, lo-
cal population densities, annual precipitation, temperature, and humidity.
All these factors add to the complexity in landfill leachate characteristics and
composition (Miyajima et al., 1997; Christensen et al., 2001). The contam-
inant migration greatly depends upon the composition of the leachate or
contaminants entering the groundwater system. Similar contaminants may
behave differently in the same environment due to the influence of other
constituents in a complex leachate matrix (Abu-Rukah and Al-Kofahi, 2001).
Redox environments were found to vary greatly inside contaminant plumes
due to variation in contaminant load, groundwater chemistry, geochemistry,
and microbiology along the flow path (Christensen and Christensen, 2000;
van Breukelen et al., 2003). Existence of redox gradients from highly re-
duced zones at the source to oxidized zones toward the front of the plumes
was supported by detailed investigation of the terminal electron acceptor
processes (Ludvigsen et al., 1999; Bekins et al., 2001). Some researchers
also studied the steep vertical concentration gradients for contaminants and
redox parameters in plume fringes, where contaminants mix with electron
acceptors by dispersion and diffusion processes (Lerner et al., 2000; Thorn-
ton et al., 2001; van Breukelen and Griffioen, 2004). The fates of nitrogenous,
sulfurous, HMs, and organic contaminants are discussed under different
paragraphs.

3.1.1. INORGANIC POLLUTANTS

3.1.1.1. Nitrogenous pollutants. The landfill leachate having NH4

poses long-term threat of pollution once it escapes into ground or surface
waters (IoWM, 1999; Beaven and Knox, 2000). In the UK, average concen-
trations of about 900 mg NH4(+NH3)–N L−1 have been reported for landfill
leachates (Burton and Watson-Craik, 1998) while legislation probably re-
quires concentrations below 0.5 mg NH4–N L−1 for any discharge in the
environment (EA, 2003). The laboratory experiments revealed that most bi-
ological nitrogen removal processes are carried out by the combination of
aerobic nitrification, nitrate reduction, anoxic denitrification, and anaerobic
ammonium oxidation processes (or anammox) (Pelkonen et al., 1999; Fux
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et al., 2002; Jokella et al., 2002). The NH4
+ in leachate can undergo sequen-

tial bacterial transformation to NO3
− under oxidizing environment. Although

NO3
− is less toxic than NH4

+ it still presents a pollution threat and bacterial
denitrification to “harmless” N2 is required under anaerobic conditions, to
eliminate it. When oxygen is depleted, nitrate can be converted to nitrite
and finally to nitrogen gas by denitrification. Also, when nitrite is present
under anaerobic conditions, ammonium can be oxidized with nitrite as an
electron acceptor to dinitrogen gas (anammox) (Mora et al., 2004). The at-
tenuation of N pollution resulting from disposal of organic wastes in landfill
sites therefore requires fluctuating redox conditions favoring the transforma-
tions: NH4+ → NO3−− → N2. Anaerobic conditions prevent the formation
of NO3

−, so N attenuation by denitrification in landfills is not regarded as
a significant process (Burton and Watson-Craik, 1998). Heaton et al. (2005)
acquired data for the isotope ratios (13C/12C, 15N/14N, and 34S/32S) and dis-
solved gas (N2, Ar, O2, and CH4) composition of groundwater in and around
a landfill site in Cambridgeshire, England. Decomposition of domestic waste
placed in unlined quarries produced NH4

+ rich leachate dispersing as a
plume into the surrounding middle chalk aquifer at approximately 20 m be-
low ground level. Few boreholes around the edge of the landfill extending
to the west and north in the direction of plume flow showed evidence of
methanogenesis, SO4

2− reduction, and denitrification. The first two processes
are indicative of strongly reducing conditions, and are largely confined to the
leachate in the landfill area. Denitrification does not require such strong re-
ducing conditions and beyond those strong reducing zones, clear evidence of
denitrification comes from data for elevated δ15N values for NO3

− (>+10�)
and the presence of nonatmospheric N2. This distribution of redox zones
is therefore consistent with an environment in which conditions become
progressively less reducing away from the landfill (Christensen et al., 2001;
Heaton et al., 2005).

3.1.1.2. Reduction of sulfate pollutants. Sulfate reduction is a major
process for degradation of organic matters and many anaerobic subsurface
environments have been found to experience this process (Krumholz et al.,
1997; Lovley, 1997; Ulrich et al., 1998). The sulfate reduction is controlled
by factors such as availability of utilizable organic matter as electron donors
(McMahon and Chapelle, 1991; Ulrich et al., 1998), water potential, sedi-
ment pore throat diameter, pH, and availability of thermodynamically more
favorable electron acceptors (Ludvigsen et al., 1998; Routh et al., 2001). In
anoxic aquifers, lithologic, climatic, hydrological, and biogeochemical pro-
cesses controlling the sulfate supply may determine sulfate reduction (Mar-
tino et al., 1998; Ulrich et al., 1998). Ulrich et al. (2003) undertook field
and laboratory techniques to identify the factors affecting sulfate reduction
in a landfill leachate-contaminated shallow, unconsolidated alluvial aquifer.
Depth profiles of 35S-sulfate reduction rates in aquifer sediments revealed a
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482 S. Mukherjee et al.

Michaelis−Menten-like relationship with an apparent Km and V max of ap-
proximately 80 and 0.83 μM SO4

2− day−1, respectively. The rate of sulfate
reduction was in direct correlation with the concentration of the sulfate. Near
the confining bottom layer of the aquifer, sulfate was supplied by advection
of groundwater beneath the landfill and the reduction rates were significantly
higher than rates at intermediate depths (Ulrich et al., 2003).

3.1.1.3. Heavy metals. Although HMs tend to be leached out of fresh
landfill, they later became largely associated with MSW-derived DOM which
plays an important role in HM speciation and migration (Baun and Chris-
tensen, 2004; Baumann et al., 2006; Li et al., 2009). Christensen et al. (1996)
conducted experiments to determine the metal distribution between the
aquifer material and the polluted groundwater samples (Kd) and the dif-
ference in distribution coefficients indicated that DOC from landfill leachate-
polluted groundwater can form complexes with Cd, Ni, and Zn. DOM derived
from MSW landfill leachate was observed to have a high affinity for metals
such as Cu, Pb, Cd, Zn, and Ni, enhancing their mobility in leachate-polluted
waters (Christensen et al., 1999). However, Ward et al. (2005) deduced that
the HM binding capacities largely fluctuated among various leachates due
to variable compositions. Earlier, it was demonstrated that HMs mobilization
was enhanced by reduced pH of the leachate with oxygen intrusion in land-
fill (Flyhammar and Håkansson, 1999; Mårtensson et al., 1999) and by the
presence of large quantity of fatty acids generated at the initial phase of solid
waste degradation (He et al., 2006). In some recent studies, it was revealed
that less than 0.02% of HMs in landfills may leach out over 30 years of land-
filling (Kjeldsen et al., 2002; Øygard et al., 2007). Qu et al. (2008) monitored
mobility of some HMs including Cd, Cr, Cu, Ni, Pb, and Zn released from
a full-scale tested bioreactor landfill (TBL) in the Tianziling MSW Landfill in
Hangzhou City, China, over the first 20 months of operation. The size of the
TBL was approximately 16,000 m2 with a combined Geosynthetic Clay Liner -
High-Density Polyethylene (GCL-HDPE) bottom liner, and had four layers of
6–8 m thick MSW layers. At the initial landfill stage, the leachate exhibited
high HMs release, high organic matter content (27,000–43,000 g L−1 of TOC),
and low pH (5–6). By the fifth month of landfilling, the methanogenic stage
was established, and HMs release was reduced below the Chinese National
Standards. At a landfill age of 0.5 years, 15% of Cr, 25% of Cu, 14% of Ni,
30% of Pb, and 36.6% of Zn in solids were associated with amorphous metal
oxides and crystalline Fe oxides. At 1.5 years of filling age, these HMs were
largely transformed into alumino-silicates forms or released with the landfill
leachate. Computer modeling revealed that the humic acid (HA) andFA could
strongly bind HMs (Qu et al., 2008). Chai et al. (2012) found strong interac-
tions between HA and Hg. They proposed that the overall stability constant
of Hg(II)–HA was determined by the abundant O-ligands in HA. Compared
to HA, the FA having relatively high content of carboxylic groups had a
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FIGURE 1. COD balance of the organic fraction in a sanitary landfill (Lema et al., 1988).

much higher Hg(II)-complexing capacity. Thus FA played an important role
in binding Hg(II) in early landfill stabilization process.

3.1.2. ORGANIC CONTAMINANTS

Organic contaminants in the form of hydrocarbons usually undergo degrada-
tion by bacterial activity in the vadose zone producing carbonic and organic
acids which enhance the mineral dissolution of the aquifer materials (McMa-
hon et al., 1995). This leads to the production of a leachate plume with high
TDS resulting in the increased groundwater conductance observed in and
around the zones of active biodegradation (Benson et al., 1997; Atekwana
et al., 2000). The acidogenic phase in young landfills is associated with rapid
anaerobic fermentation, leading to the release of free VFAs, whose con-
centration can be up to 95% of the TOC (Welander et al., 1997). Figure 1
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484 S. Mukherjee et al.

FIGURE 2. Fractions of COD in leachate during the stabilization phase of landfill (Ziyang
et al., 2009).

illustrates an anaerobic degradation scheme for the organic material, mea-
sured by COD, inside a sanitary landfill. High moisture content enhances the
acid fermentation in the solid waste (Wang et al., 2003). The methanogenic
phase takes over with the maturity of the landfill. Methanogenic microor-
ganisms converts VFA into biogas (CH4, CO2) and in such old landfills, up
to 32% of the DOC in leachate consists of high molecular weight recalcitrant
compounds (Harmsen, 1983).

Van Breukelen et al. (2003) delineated the leachate plume inside a
landfill (Banisveld, the Netherlands) using geophysical tests by mapping the
subsurface conductivity to identify the biogeochemical processes occurring.
Methane was found to form inside the landfill and not in the plume.
Precipitation of carbonate minerals was confirmed by simulation of δ13C-DIC
(dissolved inorganic carbon). Ziyang et al. (2009) investigated the COD
compositions in leachate based on the molecular weight distribution and
hydrophobic/hydrophilic partition characteristics as shown in Figure 2.
The COD composition varied over the age of the leachate and the ratio
of total organic carbon/total carbon (TOC/TC) decreased over time,
indicating decrease in the percentage of organic matters in leachate and
increase in inorganic substances. Giannis et al. (2008) monitored long-term
biodegradation of MSW in relation to operational characteristics such as air
importation, temperature, and leachate recirculation in an aerobic landfill
bioreactor over a period of 510 days of operation in a lab-scale setup. It
was evident from the leachate analysis that above 90% of COD and 99%
of BOD5 was removed by the aerobic bioreactor. Tuxen et al. (2006) used
microcosm experiments to illustrate the importance of fringe degradation
processes of organic matters within contaminant plumes and identified
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increased degradation potential for phenoxy acid herbicide governed
by the presence of oxygen and phenoxy acids existing at the narrow
leachate plume fringe of a landfill. Anaerobic processes taking place in a
leachate-contaminated alluvial aquifer was studied near Norman Landfill,
Oklahama (USA), along the flow path of aquifer. The center of the leachate
plume was characterized by high alkalinity and elevated concentrations
of total DOC, reduced iron, methane, and negligible oxygen, nitrate, and
sulfate concentrations. Occurrence of anaerobic methane oxidation inside
the plume was suggested by values of methane concentrations and stable
carbon isotope (δ13C). Methane δ13C values increased from about −54�
near the source to >−10� down-gradient and at the plume margins.
Oxidation rates ranged from 18 to 230 μM per year while first-order rate
constants ranged from 0.06 to 0.23 per year. Hydrochemical data suggested
a sulfate reducer-methanogen consortium mediating this methane oxidation.
So natural attenuation of organics through anaerobic methane oxidation
was found to be an important process in the plume (Grossman et al., 2002).

3.1.3. BIOLOGICAL CONTAMINANTS

Survival of microorganisms in groundwater, septic tank, and leachate plumes
has been investigated by few researchers (Sinton, 1982; Crane and Moore,
1984; Tuxen et al., 2006; Grisey et al., 2010). Grisey et al. (2010) mon-
itored total coliforms, Escherichia coli, Enterococci, Pseudomonas aerugi-
nosa, Salmonella, and Staphylococcus aureus for 15 months in groundwater
and leachate beneath the Etueffont landfill (France). They coupled the mi-
crobiological tests to tracer tests to identify the source of contamination.
Groundwater was found to have high levels of fecal bacteria (20,000 colony-
forming unit (CFU) 100 mL−1 for total coliforms, 15,199 CFU 100 mL−1 for E.
coli, and 3290 CFU 100 mL−1 for Enterococci). Bacterial density was lower
in leachates than in groundwater, except for P. aeruginosa which seemed to
adapt favorably in leachate environment. Tracer tests indicated that bacteria
originated from the septic tank of the transfer station and part of these bac-
teria transited through waste. Microcosm experiments were used to measure
the fringe degradation of phenoxy acid herbicide across a landfill leachate
plume by microbial activity in lab-scale experiments. High spacial resolution
sampling at 5 cm interval was found to be necessary for proper identification
of narrow reaction zones at the plume fringes because samples from long
screens or microcosm experiments under averaged redox conditions would
yield erroneous results. The samples were collected by a hollow-stem auger
drilled down to the desired level of the cores. The collected cores were sealed
with aluminum foil and plastic stoppers to maintain the redox conditions and
stored at 10◦C to be used within 4 days. These were divided into smaller parts
for the microcosm experiments, pore-water extraction, and sediment anal-
yses, determination of most probable number (MPN), solid organic matter
(TOC), and grain size distribution. A multilevel sampler installed beside the
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cores measured the plume position and oxygen concentration in the ground-
water. Microcosm experiments were performed in 50 mL sterilized infusion
glass bottles, each containing aquifer material from the sediment samples.
In each microcosm, the oxygen concentration was individually controlled to
mimic the conditions at their corresponding depths. The number of phenoxy
acid degraders was enumerated by a MPN method. The results illustrated the
importance of fringe degradation processes in contaminant plumes (Tuxen
et al., 2006).

3.2. Monitoring of Plume Generation and Migration: Techniques
and Methodology

The leachate plume migration have been monitored by using a broad range
of techniques and methods, such as hydrogeological techniques, electro-
magnetic techniques, electrical resistivity and conductivity testing, ground
penetrating radars (GPRs), radioactive tracing systems, and microcosm ex-
periments. Historically, investigations by conventional sampling or electro-
magnetic methods were applied only at sites suspected of contamination.
However, early detection and monitoring of leachate plume migration into
subsurface is essential for preventing further contamination. Whatever be
the technology, the monitoring wells and their placement is a matter of
common interest, except for electromagnetic techniques. Usually, monitor-
ing wells are constructed at different depths in and around the landfill site,
mostly in the down-gradient of groundwater flow and the probes and sam-
pling devices are lowered into these wells for measuring various parameters.
This positioning of monitoring wells and a cross-section of such a well is
shown in Figure 3. USEPA (2004), in one of its reports, discussed several
technologies for detecting the contaminant leaks in the vadose zone such as
advanced tensiometers, cable network sensors, capacitance sensors, diffu-
sion hoses, electrochemical wire cables, electrode grids, intrinsic fiber optics
sensors, lysimeters, neutron probes, portable electrical systems, time domain
reflectometry (TDR) detection cables, and wire net designs (USEPA, 2004).
Therefore, most of these technologies are not discussed in this article and the
interested readers are advised to access the referred document. Table 4 gives
an overview of the plume monitoring techniques discussed in this section.

3.2.1. HYDROGEOLOGICAL TECHNIQUES FOR GROUNDWATER SAMPLING

FOR GEOCHEMICAL ANALYSIS

The hydrogeological sampling devices had been most frequently used for the
past few decades to collect groundwater samples around leachate plumes
to measure and map the plume migration (Cherry et al., 1983; Nicholson
et al., 1983; Kjeldsen, 1993; Christensen et al., 1996; Chofqi et al., 2004).
Cherry et al. (1983) used six types of devices for groundwater monitoring
to detect migration of the plume of contamination in the unconfined sandy
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TABLE 4. Monitoring of plume formation and migration: techniques and methodology

Devices or analytical
Techniques process used Purpose References

Hydrogeological
techniques for
monitoring and
sampling of water for
geochemical analysis

Standpipe piezometers To monitor piezometric water levels Cherry et al. (1983);
MacFarlane et al.
(1983)

Watertable standpipes To measure water level in aquifer
Auger-head sampler Provides samples from relatively

undisturbed aquifer zones
Suction-type multilevel

point-samplers
Collects groundwater samples from

different depth of the aquifer up to
8 or 9 m when suction is applied

Positive-displacement-
type multilevel
point-samplers

Collects groundwater samples from
different aquifer depth more than
9 m

Bundle-piezometers Collects groundwater samples from
different depth of the aquifer
through a bunch of dedicated
piezometer tubes up to 8 or 9 m
when suction is applied

Isotopic techniques Measurements of
δ13C–DIC, δD–H2O,
and δ18O–H2O from
leachate

All these isotopes have elevated levels
in leachate plume. Monitoring of
these isotopes gives some indication
of its migration

Atekwana and
Krishnamurthy, (2004);
North et al. (2006)

Measurement of isotopic
ratios of
15N/14N, 13C/12C,
and 34S/32S and
dissolved gas (N2, Ar,
O2, and CH4)
concentrations in
leachate plume

To identify the zones of
methanogenesis,
nitrification–denitrification, and
sulphate reduction

Heaton et al. (2005)

(Continued on next page)
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TABLE 4. Monitoring of plume formation and migration: techniques and methodology (Continued)

Devices or analytical
Techniques process used Purpose References

Electromagnetic methods Direct current (DC)
resistivity geoelectrical
sounding survey

To identify a low resistivity zone
signifying the presence of leachate
plume

Atekwana et al., (2000);
Hermozilha et al.,
(2010); Karlık and Kaya
(2001); Pettersson and
Nobes (2003); Redman
(2009)

Ground penetrating radar
(GPR)

To identify the change in dielectric
permittivity across the soil profile to
indicate the boundary of leachate
plume

Electrical methods Very-low-frequency
electromagnetic
(VLF-EM) survey

Near-surface bodies of leachate plume
responds galvanically

Al-Tarazi et al. (2008);
Benson et al. (1997);
Karlık and Kaya (2001)

Cross-borehole
tomography and
depth-discrete
groundwater electrical
conductivity

To create a continuous,
high-resolution image of the
distribution of the leachate plume

Acworth and Jorstad
(2006)

Electrode grids To detect the location of contaminant
release or leakage from the landfill
containment system

Frangos (1997); Oh et al.
(2008); White and
Barker (1997)

Bacteriological
experiments

High-resolution
microcosm
experiments

It can measure the variation in
phenoxy acid herbicide degradation
across a landfill leachate plume
fringe, indicating spread of plume

Tuxen et al. (2006)

Pore water extraction
Sediment analyses
Determination of MPN
Solid organic matter

(TOC)
Grain size distribution
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Characterization of DOM Molecular weight
distribution by
electrospray ionization
mass spectrometry and
size exclusion
chromatography

At the middle of the leachate plume,
molecular weight of DOM
decreases, polydispersity increases

Persson et al. (2006)

Aromaticity measured
with UV–Vis
spectrophotometer at
280 nm and 254 nm
wavelength

Aromaticity increases at the fringes of
leachate plume

Fluorescence
excitation-emission
matrix (EEM)
quenching combined
with parallel factor
(PARAFAC) analysis

Molecular structure and binding
property of DOM with MSW.
PARAFAC analysis was used for
decomposing fluorescence EEMs
into different independent groups
for reducing interference for more
accurate quantification

Wu et al. (2011)
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490 S. Mukherjee et al.

FIGURE 3. (a) Cross-section of a monitoring well; (b). positioning of monitoring wells around
a landfill.

aquifer at the Borden landfill. The monitoring devices included (i) stand-
pipe piezometers, (ii) watertable standpipes, (iii) an auger-head sampler, (iv)
suction-type multilevel point-samplers, (v) positive-displacement-type mul-
tilevel point-samplers, and (vi) bundle-piezometers. The last four devices
can provide vertical sample profiles of groundwater from a single borehole.
Standpipe piezometers, multilevel point-samplers, and bundle-piezometers
were also used by MacFarlane et al. (1983) for measuring the distribution of
chloride, sulfate, electrical conductance, temperature, hydraulic conductiv-
ity, density, and viscosity of the leachate and groundwater. The auger-head
sampler yields samples from relatively undisturbed aquifer zones providing
a rapid means of acquiring water-quality profiles for mapping the distri-
bution of a contaminant plume. A suction-type multilevel sampler consists
of 20 or more narrow polyethylene or polypropylene tubes contained in a
polyvinyl chloride (PVC) casing capped at the bottom. Each tube extends
to a different depth and is attached to a small-screened sampling point that
extends through the casing to draw water from the aquifer of depth of 8
or 9 m when suction is applied. A positive-displacement multilevel sampler
can be used for deeper aquifers since each sampling point is connected to
a positive-displacement pumping device. A bundle-piezometer consists of
flexible polyethylene tubes, fastened as a bundle around a semirigid center-
piezometer. In shallow watertable areas water is withdrawn from each of
the tubes and from the PVC piezometer by suction. In areas with a deep
water table, samples are obtained by bailing with a narrow tube with a
check valve on the bottom or by displacement using a double- or triple-
tube gas-drive sampler. Coupling the positive-displacement multilevel sam-
pler or the gas-drive samplers with the bundle-piezometers is an excellent
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option for collecting samples that can be filtered and have preservatives
added without the water being exposed to oxygen. The multilevel samplers
and bundle-piezometer can be installed to establish permanent networks for
groundwater-quality monitoring by means of hollow-stem augers in which
eight or more polyethylene tubes are included conveniently in each bundle-
piezometer (Cherry et al., 1983).

3.2.2. USE OF STABLE ISOTOPES TO MONITOR LANDFILL LEACHATE IMPACT

ON SURFACE WATERS

The uniqueness of isotopic characteristics of municipal landfill leachate and
gases (carbon dioxide and methane) is utilized for monitoring leachate plume
migration in groundwater. Few researchers (Walsh et al., 1993; Rank et al.,
1995; Hackley et al., 1996; North et al., 2006) examined the application of
stable isotopes δ13C–DIC, δD–H2O, and δ18O–H2O measurements of ground-
water from landfill monitoring wells to detect leachate infiltration. The δ13C
of the CO2 in landfills is up to +20 � enriched in 13C. The δ13C and δD
values of the methane fall within a range of values representative of micro-
bial methane produced primarily by the acetate-fermentation process. The
δD of landfill leachate is strongly enriched in deuterium, by approximately
30 � to 60 � relative to local average precipitation values due to the ex-
tensive production of microbial methane within the limited reservoir of a
landfill (Hackley et al., 1996). So monitoring of these isotopic characteristics
of leachate provides some insight into its migration. The biologically medi-
ated methanogenic processes associated with refuse decomposition resulted
in isotopic enrichment of carbon (δ13C) in DIC and of hydrogen (δD) and
oxygen (δ18O) isotopes of water in landfill leachate (Grossman et al., 2002).
δ13C–DIC was also used to investigate the seepage of leachate-contaminated
groundwater into stream water (Atekwana and Krishnamurthy, 2004). Carbon
isotopes can also be used for monitoring biological activity in the aquifers
(Grossman, 2002). North et al. (2006) measured δD–H2O using a dual inlet
VG SIRA12 mass spectrometer after reduction to H2 with chromium. The δ13C
of DIC was measured on CO2 liberated from the sample with 103% phospho-
ric acid using a Thermo Finnigan Gas Bench and Delta Plus Advantage mass
spectrometer (ThermoFinnigan). The use of compound-specific isotope anal-
ysis may also help clarify sources of contaminants in surface waters, although
applications of this technique to landfill leachate are still being developed
(Mohammadzadeh et al., 2005). Vilomet et al. (2001) used strontium isotopic
ratio to detect groundwater pollution by leachate. Natural groundwater and
landfill leachate contamination are characterized by different strontium iso-
topic ratios (87Sr/86Sr) of 0.708175 and 0.708457, respectively. Piezometers
were used for sampling of groundwater and the mixing ratios obtained with
strontium in groundwater revealed a second source of groundwater con-
tamination such as fertilizers having 87Sr/86Sr of 0.707859. Pb isotopic ratios
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(206Pb/207Pb) (Vilomet et al., 2003) and tritium isotopes (Castañeda et al.,
2012) were also used for the same purpose.

Heaton et al. (2005) determined the changes in N speciation and de-
fined redox conditions in a leachate plume by using the data for isotope
ratios (15N/14N, 13C/12C, and 34S/32S) and dissolved gas (N2, Ar, O2, and CH4)
concentrations. Groundwater was sampled in and around a landfill site in
Cambridgeshire, England. They analyzed the dissolved gases for determin-
ing these isotopic ratios. The CO2 gas was collected by using cryogenic trap
cooled with dry ice and liquid N2 and was analyzed for 13C/12C ratios. The
other gases, such as N2, O2, Ar, andCH4, were collected on activated charcoal
cooled in liquid N2. Gas yield and their proportions were measured by ca-
pacitance manometer and mass spectrometry, respectively. 15N/14N, 13C/12C,
and 34S/32S ratios were determined in VG SIRA, VG Optima, and Finnigan
Delta isotope ratio mass spectrometers. In addition to identifying zones of
methanogenesis and sulphate reduction, the analysis of the data indicated
processes of NH4

+ transformation by either assimilation or oxidation, and
losses by formation of N2, i.e., nitrification and denitrification in a system
where there are abrupt temporal and spatial changes in redox conditions
(Heaton et al., 2005). Bacterially mediated methanogenesis in MSW landfills
cause an enrichment of carbon stable isotope ratios of DIC and hydrogen
stable isotope ratios of water in landfill leachate.

3.2.3. ELECTROMAGNETIC METHODS

Over the past couple of decades, electromagnetic methods including the re-
sistivity cone penetration test (RCPT), geophysical exploration such as GPR,
and TDR have been proposed and developed as potential alternatives to con-
ventional methods of on-site sampling and laboratory analysis (Campanella
and Weemees, 1990; Börner et al., 1993; Atekwana et al., 2000; Fukue et al.,
2001; Lindsay et al., 2002; Pettersson and Nobes, 2003; Samouëlian et al.,
2005; Oh et al., 2008; Redman, 2009; Francisca and Glatstein, 2010). GPR is
one of the most widely used techniques and will be discussed here in brief.

The antenna of GPR transmits and receives high-frequency electromag-
netic energy and its reflections into the subsurface. The transmitted energy
reflects at a boundary with sufficient contrast in dielectric permittivity and the
amplitude of such reflection depends on the size of change in dielectric per-
mittivity across the boundary and proximity of the boundary to the surface
(Figure 4a). The resulting data are presented as a plot, or trace, of amplitude
versus two-way travel-time (TWT), so that a reflection from a boundary is
located on the trace at the time taken for the energy to travel to the boundary
and back again (Figure 4b) (Redman, 2009).

Pettersson and Nobes (2003) used a Sensors and Software pulse EKKOTM

100 radar unit with 200 MHz antennas for the GPR surveying of contami-
nated ground at Antarctic research bases. Readings were taken at 20 cm
intervals along straight lines with a time window of 300 ns, and traces were
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FIGURE 4. (a, b) Basic principles of GPR (adapted from Redman (2009)).

stacked 16 times to enhance the signal-to-noise ratio. Atekwana et al. (2000)
conducted GPR surveys at the Crystal Refinery located in Carson City, MI,
constructed in the 1930s releasing hydrocarbons into the subsurface from
tanks and pipeline leeks using Geophysical Survey Systems, (GSSI) SIR-10A
equipment with a 300 MHz bistatic antenna. A three-scan moving average
filter was applied to the data resulting in slight horizontal smoothing. The
GPR study identified three distinct layers: (i) regions of low apparent resis-
tivity, coinciding with attenuated GPR reflections, (ii) a central region of high
apparent resistivity/low conductivities with bright GPR reflections below the
water table; and (iii) an upper GPR reflector subparallel to the water table,
approximately a few meters above the current free product level and coin-
cident with the top of an oil-stained, light-gray sand layer (Atekwana et al.,
2000).

Splajt et al. (2003) investigated the utility of GPR and reflectance
spectroscopy for monitoring landfill sites and found strong correlations
between red edge inflection position, chlorophyll, and HM concentrations in
grassland plant species affected by leachate-contaminated soil. Reflectance
spectroscopy by using spectroradiometer containing contiguous bands at
sufficient spectral resolution over the critical wave range measuring chloro-
phyll absorption and the red edge (between 650 and 750 nm) was found
to identify vegetation affected by leachate-contaminated soil. The GPR data
identified points of leachate breakout. An integrated approach using these
techniques, combined with field and borehole sampling and contaminant
migration modeling may offer cost-effective monitoring of leachate plume
migration. Hermozilha et al. (2010) combined 3D GPR and 2D resistivity
over a heterogeneous media for obtaining information on landfill structure.
They complemented 3D GPR profiling with a constant offset geometry with
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2D resistivity imaging using GPS location techniques to overcome lateral
resistivity variations arising from complexity and heterogeneity of landfill.
The 3D GPR was performed by PulseEcho IV GPR system, using unshielded
100 MHz antennas in 1999 and then by a Ramac system with a 100 MHz
shielded antenna in 2005. ReflexW software was used for the GPR data
treatment. Boudreault et al. (2010) obtained GPR profiles with a Ramac
CU II system from Mala Geoscience (Mala, Sweden) using 100 MHz center
frequency antenna having a vertical resolution of approximately 33 cm and
an actual center frequency of 75 MHz. The transmitter and receiver antennae
were spaced 1 m using a rigid frame in broadside common offset mode.
Data were processed using the REFLEX software from Sandmeier Scientific
Software (Karlsruhe, Germany). No gain was given to the signal in order
to compare wave amplitude between the reflectivity profiles. The TWT
was converted to depth using an average wave velocity of 0.1 m ns−1 as
determined from the wave diffraction patterns observed in the radar images.

3.2.4. ELECTRICAL METHODS

Geophysical investigation techniques involving electrical conductivity mea-
surements are the most widely researched of all methods due to easy instal-
lation with relatively inexpensive electrical components. The landfill leachate
plumes usually possess elevated ionic load and enhanced electrical conduc-
tivity. So, an aquifer system containing groundwater with a naturally low
electrical conductivity, when contaminated with a leachate plume, will re-
sult in a bulk electrical conductivity anomaly that is readily detectable using
both surface, borehole or cross-borehole electrical resistivity imaging (ERI)
methods (Acworth and Jorstad, 2006).

3.2.4.1. Electrical resistivity and very low-frequency electromagnetic
induction (VLF-EM). Benson et al. (1997) conducted electrical resistivity
and VLF-EM surveys at a site of shallow hydrocarbon contamination in Utah
County, USA. Water chemistry was analyzed through previously installed
monitoring wells to enhance the interpretation of the geophysical data. The
electrical resistivity and VLF data helped map the contaminant plume by
generating the vertical cross-sections and contour maps as an area of high
interpreted resistivity. Karlık and Kaya (2001) also integrated geophysical
methods with soil chemical and hydrogeological methods for investigating
groundwater contamination by leachate. They collected qualitative data from
direct current (DC) resistivity geoelectrical sounding and fast and inexpen-
sive data from VLF-EM survey. The results of VLF-EM method was expected
to have good correlation with those of the DC-resistivity method in which the
signature of a contaminant plume is a low resistivity zone, the depth of inves-
tigation being approximately the same for both methods. The near-surface
bodies or discontinuous areas are more responsive toward galvanic VLF-EM
method rather than inductive DC resistivity and thus simultaneous applica-
tion of these two methods can very well monitor leachate plume migration.
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Al-Tarazi et al. (2008) conducted VLF-EM measurements in a landfill near
Ruseifa city at Jordan with a Geonics EM 16 unit. The transmission from the
Russian station (UMS) with a 17.1 kHz and 1 MW power, was used for reliable
VLF measurements. They integrated data from previous DC-resistivity study
with this VLF-EM data for successfully locating shallow and deep leachate
plume with resistivity less than 20 �m, and mapped anomalous bodies down
to 40 m depth. He noticed sign of groundwater contamination resulting in
high number of fecal coliform (FC) bacteria and the increase in inorganic
parameters such as chloride.

3.2.4.2. Electrical resistivity, cross-borehole tomography, and depth-
discrete groundwater electrical conductivity. Acworth and Jorstad (2006)
correlated surface resistivity data with cross-borehole tomography data and
depth-discrete groundwater electrical conductivity (fluid EC) data measured
from bundled piezometers, to create a continuous, high-resolution image of
the distribution of the leachate plume. Electrical imaging was done using 2
multicore cables connected to an ABEM LUND ES464 switching unit slaved
to an ABEM SAS4000 Terameter, using the Wenner equispaced electrode
configuration. Data were inverted to produce a distribution of true resistivity
using the RES2DINV software. A bundled piezometer with sample tubes at
vertical spacing varying from 0.5 to 1 m was installed to 15 m depth using
hollow-stem auger technique. Two 15 m strings of 15 gold-plated electrodes
in each of them at 1 m intervals were installed one on either side of the
bundled piezometer in a line approximately normal to the groundwater flow
direction and 8 m apart. The strings were then addressed with a current
source attached to the top electrode (1 m depth) in one bore and a current
sink in the top electrode in the second bore. Potential measurements were
made between corresponding electrodes at similar depth in the 2 boreholes.
The current electrodes were then moved down one position and the process
repeated until the base of the hole was reached. Finally, the results of the
cross-borehole tomography survey demonstrated a strong correlation with
the results of the surface resistivity transects and the groundwater chemistry
profiles from the bundled piezometer (Acworth and Jorstad, 2006).

3.2.4.3. Electrode grids. Applications of electrode grids method in
landfill sites essentially rely upon the electrical conductivity of homogeneous
mixtures of soil and landfill leachate, insulating properties of the geomem-
brane liners and ionic concentration of the pore fluid (Frangos, 1997; White
and Barker, 1997). Electrode grid systems cover the entire area beneath a
containment unit and can be used to identify releases and track their migra-
tion in the subsurface (USEPA, 2004). The whole system structurally consists
of grid-net electric circuit, electrical conductivity measuring sensors adapting
two-electrode measurement method, and measuring instruments including
connection system, source meter, and data logger. The electric circuit con-
sists of two arrays of parallel armored electric wires arranged orthogonally
installed in a sublayer beneath the landfill liner using simple and durable
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496 S. Mukherjee et al.

FIGURE 5. Distribution of the current flow in a homogeneous soil (Kearey et al., 2002).

parts made of high-grade, stainless steel alloy or noncorrosive, liner compat-
ible conductive HDPE, usually installed during the initial construction of the
landfill facility. One array of electric wires is installed at a specific interval in
parallel while the other array is arranged orthogonally with a same specific
interval. Each electrode of two-electrode sensor is connected to each orthog-
onal wire at intersections of grid-net electric wires. Finally, one end of each
electric wire forming the grid-net should be connected by branch wires that
lead to a control box of measuring system. The first measurement of electri-
cal conductivity should be performed to obtain the baseline conditions of the
site. Then, electrical conductivity data are collected with specific time inter-
vals during operation of containment facilities. The location of contaminant
release could be found by searching for deviation points in the distribution
of electrical conductivity (Oh et al., 2008).

3.2.4.4. Electrical resistivity imaging. In this process, artificially gen-
erated electric currents are supplied to the soil and the resulting potential
difference patterns provide information on the form of subsurface hetero-
geneities and their electrical properties as shown in Figure 5 (Kearey et al.,
2002). The greater the electrical contrast between the soil matrix and hetero-
geneity, the easier is the detection (Samouëlian et al., 2005). Measurement
of electrical resistivity usually requires four electrodes: two electrodes used
to inject the current (current electrodes) and two other electrodes used to
record the resulting potential difference (potential electrodes). Groundwater
contamination can also be monitored, identified, and mapped using an elec-
trical resistivity device (Karlık and Kaya, 2001; Guérin et al., 2002; Samouëlian
et al., 2005). Boudreault et al. (2010) performed ERI with a Terrameter SAS
4000 and an ES10-64 switch box with two multiple electrode cables from
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ABEM (Sundbyberg, Sweden). Two north–south and four west–east ERI pro-
files were measured. The electrodes were pushed into the fill at a regular
interval of 1 m to obtain a sufficiently high resolution and a depth of investi-
gation of about 5 m. A dipole–dipole configuration was used to improve the
horizontal sensitivity of the method since the typical urban fill composition
has a large short-scale lateral variability. Robust inversion (with a conver-
gence limit fixed at 1%) of the measured data was done using the RES2DINV
software from Geotomo Software (Boudreault et al., 2010).

3.2.5. MONITORING THE FATE OF DOM IN LANDFILL LEACHATE

Persson et al. (2006) characterized DOM along a groundwater gradient to un-
derstand its interaction with pollutants, such as molecular weight distribution
and aromaticity. Groundwater samples were collected downstream from an
old municipal landfill in Vejen, Denmark, through preinstalled Teflon tubes
lowered into nitrogen purged iron pipes. The mass spectrometric analysis of
the DOM was carried out on a Micromass Quattro II tandem mass spectrom-
eter (Manchester, UK), with an electrospray interface, used in the negative
ion mode. Estimations of molecular weight distributions were performed
by electrospray ionization mass spectrometry (ESI-MS) and size exclusion
chromatography (SEC). SEC by Waters Ultrahydrogel 250 column, a Wa-
ters model 2690 LC-pump, and a UV-detector at 254 nm was carried out
to separate molecules according to their size rather than their molecular
weight. Mass spectrometric results indicated that in the middle of the gradi-
ent, the molecular weight and aromaticity of DOM decreased to a minimum
value while polydispersity increased. However, the aromaticity increased to
a higher value at the end of the gradient. The molecular weight distribution
of DOM in the groundwater samples as measured with SEC resulted in the
same pattern as the mass spectrometric analysis, showing decreasing molec-
ular weight with increasing distance from the landfill which can be seen as
a process where the DOM gradually becomes more similar to groundwater
FAs (Persson et al., 2006).

Humic substances (HS) containing ionizable functional groups such as
carboxylic and phenolic groups exhibit strong affinities toward metal ions
(Hernández et al., 2006; Terbouche et al., 2010). Research on metal binding
properties of DOM in the leachate from MSW landfill is lacking. Wu et al.
(2011) utilized fluorescence excitation-emission matrix (EEM) spectroscopy
to characterize the binding phenomenon of DOM with MSW leachate. EEM is
a simple, sensitive, nondestructive technique providing insights into molec-
ular structure of DOM. In combination with a quenching method, EEM
spectroscopy can elucidate the binding properties of metal ions with DOM
(Plaza et al., 2006a, 2006b). However, due to various types of overlapping
fluorophores, the EEM spectra of in situ DOM cannot be easily identified
(Henderson et al., 2009). So, a multivariate chemometric method, namely
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parallel factor (PARAFAC) analysis, may be used for decomposing fluores-
cence EEMs into different independent groups of fluorescent components,
which can then reduce the interference among fluorescent compounds al-
lowing a more accurate quantification (Engelen et al., 2009). In a recent
study, nine leachate samples from various stages in MSW management were
collected and then titrated using four HMs (Cu, Pb, Zn, and Cd) as fluores-
cent quenching agents. Four components with characteristic peaks at Ex/Em
of (240, 330)/412, (250, 300, 360)/458, (230, 280)/340, and 220/432 were
identified by the DOMFluor-PARAFAC model. The results suggested that
all the fluorescence EEMs could be successfully decomposed by PARAFAC
analysis into a four-component model, despite the dissimilar fluorescence
characteristics of the nine leachate samples and the different quenching ef-
fects of different metals at various concentrations. The combination of EEM
quenching and PARAFAC was found to be a useful indicator to assess the
potential ability of HM binding and migration through landfill leachate (Wu
et al., 2011).

4. ENVIRONMENTAL IMPACT OF LANDFILL LEACHATE AND
ITS ASSESSMENT

Leachate is the main toxic compound released from sanitary landfill into
the environment, characterized by high concentrations of numerous toxic
and carcinogenic chemicals including HMs and organic matter (Halim et al.,
2005). In addition to these chemical mixtures, the leachates can be con-
taminated with bacteria, including aerobic, psychrophilic, and mesophilic
bacteria, FCs, and spore-forming-bacteria, including Clostridium perfringens
(Matejczyk et al., 2011). It takes only a small amount of landfill leachate to
contaminate large volume of groundwater, which in turn can contaminate
and affect biodiversity and enter the food chains (Bakare et al., 2007; Garaj-
Vrhovac et al., 2009). Multiple chemical exposures may also pose a higher
risk than a single substance. The genotoxic potential of leachates have been
confirmed by several researchers who reported a significant increase in fre-
quencies of micronuclei, DNA disturbances, sister chromosomal aberrations,
chromatid exchanges, and also cut-downs of mitotic indexes in different cell
types and model systems (Bakare et al., 2005; Gajski et al., 2011; Gajski et al.,
2012). Different environmental impacts by leachate are being discussed in
the following paragraphs.

4.1. Environmental Impact
4.1.1. EFFECTS ON GROUNDWATER

Several researchers (Kerndorff et al., 1992; Lee and Jones-Lee, 1993; Massing,
1994; Godson and Moore, 1995; Heron et al., 1998; Mikac et al., 1998; Mato,
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1999; Riediker et al., 2000) have repeatedly mentioned about the environ-
mental impact of the landfill leachate, particularly on groundwater quality,
regardless of an ideal site selection and a monitoring network design of the
landfill. The danger of leachate infiltration in groundwater is great consid-
ering that even the best liner and leachate collection systems will ultimately
fail due to natural deterioration (Needham et al., 2006; Ouhaldi et al., 2006a,
2006b). In addition, the infiltration of leachate may cause the variation of
groundwater pH and Eh (Rapti-Caputo and Vaccaro, 2006), inducing a metal
dissolution from the subsoil matrix (Prechtai et al., 2008) into the groundwa-
ter, even when the leachate itself is not highly polluted (Kumar and Alappat,
2005; Vadillo et al., 2005). The presence of organic matter and the modifica-
tion of pH and redox conditions of the aqueous phase of the soil may extract
a wide number of metals, by the dissolution of several mineral species (Pe-
ters, 1999; Martinez, 2000; Barona et al., 2001; Voegelin et al., 2003; Xiaoli
et al., 2007). Risk assessments and environmental regulations for polluted
soils are therefore based on batch extractions of metals, assuming that the
results are related to the risk of metal leaching into groundwater or plant up-
take (Voegelin et al., 2003). Groundwater quality monitoring systems being
the main indicator to determine the likelihood, and severity of contamination
problems, is of great importance in the overall design of a landfill.

Van Duijvenbooden and Kooper (1981) investigated the effects of a
waste disposal site on the groundwater flow and groundwater quality in
the Netherlands. Measurement of electrical resistivity and an electromagnetic
investigation revealed intrusion of a very large vertical flow component of
landfill plume in the fresh water–salt water boundary at about 40 m depth.
However, local flow patterns indicated an all-sided migration of pollutants
into the aquifer (Van Duijvenbooden and Kooper, 1981). The leachate from
the Ano Liosia landfill in Greece was found to contain high levels of color,
conductivity, TS, COD, NH3–N, PO4

−3, SO4
2−, Cl−, K+, Fe, and Pb. The

low BOD/COD ratio (0.096–0.195) confirmed that the majority of this or-
ganic matter was not easily biodegradable. The sites nearest to the landfill
were most polluted, indicating pollution transfer and the leachate movement
through fractures or karstic cavities, geological, and hydrological character-
istics of the area under study (Fatta et al., 1999). Mor et al. (2006) measured
concentration of various physicochemical parameters including HM and mi-
crobiological parameters in groundwater and leachate samples from Gazipur
landfill site near Delhi. The groundwater was found to contain moderately
high concentrations of Cl−, NO−3, SO4

2−, NH4
+, phenol, Fe, Zn, and COD in-

dicating leachate percolation. Interestingly the water contamination dropped
fast with depth up to 30 m and further percolation of viscous leachate be-
came gentler probably due to the hindrance from the solid soil matter (Mor
et al., 2006).

Rapti-Caputo and Vaccaro (2006) performed hydrogeological and geo-
chemical monitoring of two principal aquifer systems, one unconfined, and
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another confined at 17 m depth, below the landfill of Sant’Agostino in Italy.
In the shallower unconfined aquifer, the existence of high concentration val-
ues of K, Na, Cl−, and SO4

2− and HMs such as Cr, Ni, Co, Mo, and Sr were
found along the flow direction. pH values between 7.16 and 7.9 and redox
potential between −17 and −35 mV indicated the occurrence of basic water
in a reducing environment favoring the adsorption of ionic substances in
soil. The deeper confined aquifer had higher concentrations of NH4

+, Cl−,
Pb, Cu, and Zn than that in the regional aquifer indicating local diffusion
from leachate (Rapti-Caputo and Vaccaro, 2006).

4.1.2. REDUCTION OF SOIL PERMEABILITY AND MODIFICATION OF SOIL

Field observations, such as the ponding of leachate at landfills (Nelson,
1995), suggest that some of the unlined landfills underwent significant re-
ductions in hydraulic conductivity. Other laboratory and field observations
also show that soils can undergo significant reduction in hydraulic conduc-
tivity during leachate permeation (Cartwright et al., 1977; Yanful et al., 1988),
even leading to clogging of leachate collection systems (Brune et al., 1994;
Rowe et al., 1997). Reductions in the soils’ hydraulic conductivity have been
linked to the formation of continuous biofilms (Taylor and Jaffé, 1990; Rowe
et al., 1997) or presence of discontinuous microbial aggregates in soil pores
(Vandevivere and Baveye, 1992), metal precipitation (Rowe et al., 1997),
and gas production by denitrifiers and methanogens (Taylor and Jaffé, 1990;
deLozada et al., 1994; Islam and Singhal, 2004). However, the relative sig-
nificance of these mechanisms in controlling the extent of clogging and the
dynamics of microbial-metal precipitation interactions is not yet properly
researched.

Continuous flow experiments were conducted by Islam and Singhal
(2004) using sand-packed columns for investigating the relative significance
of bacterial growth, metal precipitation, and anaerobic gas formation on bi-
ologically induced clogging of soils. Natural leachate from a local municipal
landfill was amended with acetic acid and then was fed to two sand-packed
columns. Based on observed transformations the following microbial reac-
tions are assumed to occur in the columns in presence of acetic acid:

Manganesereduction : CH3COO − +4MnO2(s) + 7H + 2HCO3−
+ 4Mn2 + +4H2O (1)

Ironreduction : CH3COO − +8Fe(OH)3(s) + 15H + 2HCO−
+ 8F e2 + +20H2O (2)

Sulfatereduction : CH3COO − +SO42 − 2HCO3 − +HS− (3)

Methanogenesis : CH3COO − +H2OHCO3 − +CH4 (4)
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Changes in the observed concentrations of dissolved acetic acid, sulfate,
Fe(II), and Mn(II) with time suggest that methanogenesis and the reduction
of manganese, iron, and sulfate occur simultaneously. Several physical, geo-
chemical, and biological interactions were observed during leachate transport
in soils resulting in a reduction of its permeability. An increase in the sub-
strate concentration resulted in rapidly increasing pH, inorganic carbon (total
dissolved carbonate), and attached biomass at the column inlet, leading to
enhanced precipitation of Fe2+, Mn2+, and Ca2+ at the column inlet thereby
decreasing the hydraulic conductivity from an initial value of 8.8 × 10−3 to
3.6 × 10−5 cm s−1. However, mathematical modeling showed that bioac-
cumulation and gas formation played more significant role in reducing hy-
draulic conductivity, while metal precipitation had a negligible effect (Islam
and Singhal, 2004). In another simulation work by the same researchers, it
was deduced that higher substrate concentrations may increase the extent
of the zone of reduced hydraulic conductivity, but may not lead to further
decreasing the conductivity. Also, finer-grained soils are likely to experience
higher conductivity reductions than larger-grained soils (Singhal and Islam,
2008).

The percolation of landfill leachate even in absence of a high concentra-
tion of a specific pollutant may induce a strong modification of soil chemical
and physical characteristics due to the alteration of the natural equilibrium
between the aqueous phase and the soil matrix. As a result, a huge amount of
cations can be solubilized, thus inducing groundwater pollution. Di Palma
and Mecozzi (2010) performed batch and column experiments for study-
ing metal mobilization from a soil sampled down-gradient of a municipal
waste landfill in Northern Italy at different pH and Eh. At first, the column
was washed with distilled water and then a groundwater, sampled down-
gradient in the same site, was used for column leaching. The concentrations
of Fe, Mn, and Ni were evaluated when the pH and Eh were altered. Results
indicated a greater release when acidic conditions were achieved, a positive
effect in this case of the addition of an oxidant and a great Mn mobilization
when negative redox potentials were established. The effect of the addition
of oxidant or reductant solutions on soil characteristics modification during a
remediation treatment involving the percolation of an aqueous solution was
investigated. In the case of a pH lowering, the addition of an oxidant such
as H2O2 proved to be effective in decreasing metal dissolution, and could
also have a positive effect on aerobic biological degradation reactions. Con-
versely, the addition of a reductant, such as dithionite, strongly enhanced Ni
and, mainly, Mn mobilization, even under alkaline conditions (Di Palma and
Mecozzi, 2010).

Chen and Chynoweth (1995) calculated hydraulic conductivities of
dry MSW samples by compacting them in plexiglas columns which were
setup as constant head permeameters to densities of 160, 320, and 480 kg
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m−3. Water flowed continuously through the columns under hydraulic
gradients of 2–4 mm−1. Darcy’s equation was used to calculate hydraulic
conductivity which was found to be time-dependent. The temporal variation
was attributed to varying degrees of saturation due to gas formation and
relative movement of fine particles in the columns. The average hydraulic
conductivities at 160, 320, and 480 kg m−3 were found to be 9.6 × 10−2,
7.3 × 10−4, and 4.7 × 10−5 cm s−1, respectively. Francisca and Glatstein
(2010) deduced that physicochemical interactions such as changes in the
double-layer thickness and chemical precipitation of carbonates had negli-
gible effect on the hydraulic conductivity of highly compacted silt–bentonite
mixtures. However, bioclogging due to accumulated biomass from bacteria
and yeast significantly reduced the hydraulic conductivity and blocked up
the soil pores. The experimental data confirmed the biofilm formation.

Wu et al. (2012) measured water retention curves (WRC) of MSW using
pressure plate method representing the shallow, middle, and deep layers
of the landfill and the WRC was found to be well-reproduced by the van
Genuchten–Mualem model, which was then used to predict the unsaturated
hydraulic properties of MSW, such as water retention characteristics and
unsaturated hydraulic conductivity. With the increase in the landfill depth
and age, the overburden pressure, the highly decomposed organic matter,
and finer pore space increased, hence the capillary pressure increased caus-
ing increases in air-entry values, field capacity, and residual water content.
Steepness of WRC and saturated water content decreased. The unsaturated
hydraulic properties of MSW showed more silt loam-like properties as the
age and depth increased (Wu et al., 2012).

4.1.3. EFFECTS ON SURFACE WATER

Yusof et al. (2009) studied the impact of landfill leachate from three different
types of landfills, namely active uncontrolled, active controlled, and closed
controlled, were characterized, and their relationships on the river water
chemistry. The organic contents in the closed or older landfills were found
to be lower than in the active landfill. Moreover, the higher BOD/COD
(0.67) in the active controlled landfill indicated it to be in the acetogenic
phase. Conversely, the lower BOD/COD (0.16) shown by both the active
uncontrolled and the closed controlled landfills is a typical characteristic of
the methanogenic phase of an old landfill (Calli et al., 2005; Fan et al., 2006).
The impact of leachate from an active uncontrolled landfill was the highest,
as the organic content, NH4–N, Cd, and Mn levels appeared high in the river.
At the same time, influences of leachate were also observed from both types
of controlled landfills in the form of inorganic nitrogen (NH4–N, NO3–N,
and NO2–N) and HMs (Fe, Cr, Ni, and Mn). Improper treatment practice led
to high levels of some contaminants in the stream near the closed controlled
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landfill. Meanwhile, the active controlled landfill, which was located near the
coastline, was exposed to the risk of contamination resulting from the pyrite
oxidation of the surrounding area (Yusof et al., 2009).

4.2. Hazard Assessment of Landfill Leachate

Numerous models and approaches ranging from deterministic water bal-
ance analyses such as Hydrologic Evaluation of Landfill Performance (HELP)
(Schroeder et al., 1994) and Flow Investigation of Landfill Leachate (FILL)
(Khanbilvardi et al., 1995) and stochastic simulation models such as LandSim
(Golder Associates, 1996) and EPA’s Composite Model for Leachate Migration
with Transformation Products (EPACMTP) (USEPA, 2003) to relative hazard
assessment systems for evaluating landfill hazards have been developed.
Each one of these models and approaches has some advantages and disad-
vantages. While deterministic and stochastic models need large amounts of
data, involve complex analytical procedures and thus are time consuming,
relative hazard assessment systems, often referred to as hazard-rating/ranking
systems, suffer from the subjectivity involved in their scoring methodologies.
However, considering their simplicity, such relative hazard assessment sys-
tems are considered to be more suitable when only a comparative assessment
as in the case of priority setting, is the objective.

4.2.1. RELATIVE HAZARD ASSESSMENT SYSTEMS

In order to comply with the legislations regarding the management of MSW,
it is necessary to undertake a diagnosis and characterization of the landfill
impacted areas in order to develop an adequate action plan. However, the
remedial and preventive measures cannot be undertaken at all the existing
closed and active landfill sites because of financial constraints. So, a gradual
approach is needed based on a system of prioritization of actions to establish
which landfills need immediate attention for the remediation works. In most
cases, the diagnostic methods made it possible to compare landfills on an
environmental basis, but not to take decisions about their control, closure,
capping, or recovery. All of the assessments were related to the release point,
without taking into account the characteristics of their environment (Calvo,
2003).

A number of relative hazard assessment systems for waste disposal sites
have been developed over the past three decades and reported in literature
(Singh et al., 2009). Usually, three hazard modes are used to evaluate the
waste sites: (1) migration of pollutants away from the site via groundwater,
surface water, or air routes, or a combination thereof, (2) fire and explosion
potential, and (3) direct contact with hazardous substances. In most of the
systems, site ranking is based either on the combined score for various
routes under migration mode or the score for the dominant route, i.e., the
route returning highest score. In course of calculating site hazard, more
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information is considered by a system, more accurate is the assessment and
evaluation. However, more data signifies increased complexity, cost, time,
and chances of error. This reduces the acceptability of a system among users
who always want maximum output with minimum inputs. Some parameters
can be termed as simple parameters that can be determined without any
complex analytical methods such as by site walkover, visual survey, local
inhabitant survey, regional maps of groundwater, soil type, geology, etc. The
parameters which are difficult to collect, e.g., by field drilling and sampling
as well as laboratory testing are considered as complex parameters. More
number of complex parameters in a system reduces its user-friendliness.
Table 5 lists the number of parameters considered by different hazard-rating
systems. In this subsection, we will discuss mainly four significant hazard-
rating systems.

4.2.1.1. Leachate pollution index (LPI) method. Kumar and Alappat
(2005) discussed about LPI, a quantitative tool having an increasing scale
index based on Delphi technique (Dalkey, 1969), for calculating the leachate
pollution data of landfill sites. In this method, 18 leachate pollutants (e.g., pH,
TDS, BOD, COD, HMs, phenolic compounds, chlorides, and total colifiorm)
were selected for inclusion in the index and were awarded some significance
and pollution weight, that added up to 1.00 for the 18 pollutants.

The LPI can be calculated using the equation:

LPI =
n∑

i=1

wi pi (5)

where LPI = the weighted additive leachate pollution index, wi = the
weight for the ith pollutant variable, pi = the subindex score of the ith
leachate pollutant variable, n = number of leachate pollutant variables
used in calculating LPI, and

∑n
i=1 wi = 1. However, when the data for all

the leachate pollutant variables included in LPI are not available, the LPI can
be calculated using the concentration of the available leachate pollutants. In
that case, the LPI can be calculated by the equation:

LPI =
∑m

i=1 wi pi∑m
i=1 wi

(6)

where m is the number of leachate pollutant parameters for which data is
available.

The procedure for calculating LPI for a given landfill site at a given
time involves the following three steps: first, testing of the 18 leachate pol-
lutants; second, calculating subindex values (p) based on the concentration
of the leachate pollutants obtained during the tests; and lastly, aggregation
of subindex values obtained for all the parameters by multiplying it with the
respective weights assigned to each parameter. For the last step, the above
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TABLE 5. Summary of various existing hazard-rating systems (adopted from Singh et al. (2009))

Parameters to be measured
Hazard migration Algorithm

Hazard rating system routes Evaluation of Simple Complex Total used References

LeGrand Method G Site hazard for
groundwater route
alone

2 3 5 Ad LeGrand (1964)

Soil–waste Interaction
Matrix

G 7 9 16 Ad-M Phillips and Nathwani
(1977)

DRASTIC G 5 3 8 Ad Canter (1996)
HRS: Hazard Ranking

System 1982
G, SW, A, F, D Multiple hazard

migration routes,
each one separately
producing separate
scores for all the
routes

11 3 14 Ad-M Wu and Hilger (1984)

HRS: Hazard Ranking
System 1990 (USEPA)

G, SW, A, S 13 5 18 Ad-M USEPA (1990)

DPM: Defense Priority
Model

G, SW, A/S 11 2 13 Ad-M National Research
Council (1994)

WARM: Washington
Ranking Method

G, SW, A, MS 13 3 16 Ad-M Science Applications
International
Corporation (1990)

NCAPS: National Corrective
Action Prioritization
System

G, SW, A 10 2 12 Ad-M DOE (1996)

ISM: Indiana Scoring Model G, SW, A, F, D 11 3 14 Ad-M Solid Waste
Management Board
(2001)

ERPHRS: Environmental
RepA Program Hazard
Ranking System

G, SW, A, F, D 14 4 18 Ad-M Wisconsin Department
of Natural Resources
(2001)

Continued on next page.505
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TABLE 5. Summary of various existing hazard-rating systems adopted from Singh et al. (2009) (Continued)

Hazard migration Parameters to be measured Algorithm

Hazard rating system routes Evaluation of Simple Complex Total used References

RSS: Risk Screening System G, SW, D 6 2 8 M Ministry for the
Environment (2004)

RASCL: Risk Assessment for
Small and Closed Landfills

G, SW, A, D 11 1 12 M Golder Associates NZ)
Ltd (2002)

Toxicity Index H, E Concentration of 24 toxic
chemicals were measured

M Baderna et al. (2011)

HR-FCP: Hazard Ranking
using Fuzzy Composite
Programming

G, SW, A Various routes
concurrently and
produce a composite
score for all the
routes

13 4 17 FL Hagemeister et al.
(1996)

SRAP: Standardized Risk
Assessment Protocol

G, SW, A, S 11 4 15 B Marsh and Day (1991)

NCS: National Classification
System

G, SW, D 12 2 14 Ad Canadian Council of
Ministers for the
Environment (1992)

NPC: National Productivity
Council

G, SW, A 12 2 14 Ad National Productivity
Council (2003)

JENV system G, SW, A 11 3 14 Ad Joseph et al. (2005)
LPI: Leachate Pollution

Index
L, S, G 0 18 18 Ad Kumar and Alappat

(2005)
E–LI: Global

Environment–Landfill
Interaction Index

L, G, SW, A, S, H 61 variables under 5
parameters are assigned

different grades depending
on their numerical values

Ad-m Calvo et al. (2005)

Hazard-rating system by
Singh et al. (2009)

Source-pathway-
receptor

15 Ad-m Singh et al. (2009)

G—Groundwater; S—soil; SW—surface water; L—leachate ; A—air/atmosphere; E—environment; H—health; F—fire and explosion; D—direct contact; MS—marine
sediment; V—volatiles; Ad—additive model; Ad-M—additive-multiplicative model; M—multiplicative model; B—binary approach; FL—fuzzy logic.
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two equations are used depending upon the situation. High value of LPI
indicates higher contamination potential (Kumar and Alappat, 2005).

4.2.1.2. Global Environment–Landfill Interaction Index or impact in-
dex (E–LI). Calvo et al. (2005) studied a new methodology for environmen-
tal diagnosis of landfill sites. This methodology was based on the formulation
of a general index called Global Environment–Landfill Interaction Index or
Impact Index. In order to calculate this index, some aspects in each land-
fill have to be analyzed, viz, environmental interaction between the release
point and certain affected environmental parameters, environmental values
of the surface water, groundwater, atmosphere, soil and health, and opera-
tional conditions of the landfill from the point of view of environment. The
rate expression is as follows:

E − LI =
∑

E − LIi =
∑

(ERIi × EWCi) = (ERIgroundwater × EWCgroundwater)

+ (ERIsurfacewater × EWCsurfacewater) + (ERIatmosphere × EWCatmosphere)

+ (ERIsoil × EWCsoil) + (ERIhealth × EWChealth) (7)

where E–LI = Global Environment–Landfill Interaction Index or Impact
Index; E–LIi = the Environmental–Landfill Interaction Index for parameter i;
i = the parameters: groundwater, surface water, atmosphere, soil, and
health; EWCi = the Environmental Weighting Coefficient; ERIi = the
Environmental Risk Index for the Environmental Effect of parameter i.

Ranges of scores are obtained for E–LI to classify the overall environ-
mental impact of landfills as low (0–35), average (31–70), and high (71–105).
The ERI aims to gauge the potential for environmental impact for each ob-
served parameter, reflecting whether or not interaction exists between the
processes in the release point and the characteristics of the environment.

The E–LI determines the state of potential landfill impact on the landfill’s
own environment. Focusing on the study of each landfill individually, the ERI
enables us to determine which parameters are most affected by the landfill,
making it easier to prioritize suitable control actions. Analysis of index results
provides information about the suitability of the release-point locations on
the basis of which, it would be possible to draw up action plans for the
remediation or closure of the landfill site (Calvo et al., 2005).

4.2.1.3. Hazard-rating system by Singh et al. (2009). Singh et al.
(2009) assessed existing site hazard-rating systems and came up with a new
groundwater contamination hazard-rating system for landfills. The proposed
system was based on source-pathway-receptor relationships and evaluated
different sites relative to one another by the Delphi technique (Dalkey, 1969).
The proposed system is more sensitive to the type of waste and exhibited
greater sensitivity to varied site conditions. In this system, 15 parameters
are studied as depicted in Figure 6. Each of them is assigned a best and
worst value. The overall groundwater contamination hazard rating of a waste
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508 S. Mukherjee et al.

FIGURE 6. A conceptual diagram of the framework of the proposed system (Singh et al.,
2009).

disposal site was obtained by the following relationship:

HR, GW = (HS × HP × HR)/SF × 1000 (8)

where Hs, Hp, and HR were the source hazard rating, pathway hazard rating,
and receptor hazard rating, respectively; and SF is a scaling factor (equal to
1,000,000). The scaling factor is equal to the product of the source, pathway,
and receptor hazard ratings of a waste disposal site having all its parameters
at the worst values. The overall hazard score obtained from Eq. (8) is limited
to a maximum of 1000 for MSW landfills, 5000 for HW landfills, and 200
for C&D waste landfills. The application of different systems to six old MSW
landfills showed that whereas the existing systems produced clustered scores,
the proposed system produced significantly differing scores for all the six
landfills improving decision-making in site ranking (Singh et al., 2009).

4.2.1.4. Assessment of toxicity index. Baderna et al. (2011) also pro-
posed an integrated strategy to evaluate the toxicity of the leachate using
chemical analyses, risk assessment guidelines, and in vitro assays using the
hepatoma HepG2 cells as a model. Human risk assessment was done based
on chronic daily intake (CDI (mg kg−1 day)) for each compound, which was
calculated using the formula:

CDI = [(Cwater × WI × ED × EF)/(BW × AT)] (9)

where Cwater = pollutant’s concentration in water; WI = water intake = 2 L
day−1; ED = exposure duration = 30 years; EF = exposure frequency =
350 days year−1; BW = body weight of the target = 70 kg (adult);
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AT = exposure average time: 30 years for noncarcinogenic compounds,
70 years (lifetime) for carcinogenic compounds.

The hazard index (HI) was calculated for each compound in order to
estimate possible toxic effects on humans due to the ingestion of leachate-
contaminated water, using the formula:

HI = CDI/RfD (10)

where HI is the hazard index, CDI the calculated chronic daily intake, and
RfD the reference dose for the selected compounds (mg kg−1 day). The RfD
is a numerical estimate of a daily oral exposure to the human population,
including sensitive subgroups such as children, that is not likely to cause
harmful effects during a lifetime (USEPA, 2006).

The assessment of carcinogenic effects was calculated using the cancer
risk equation:

CR = CDI × SF (11)

where CR is the cancer risk, SF the slope factors (kg day mg−1): an upper-
bound estimate of risk per increment of dose that can be used to estimate
risk probabilities for different exposure levels (USEPA, 2005).

The ecological risk assessment was based on the dilution scenario used
for human risk assessment. For risk analysis we used traditional risk proce-
dures focused on the Hazard Quotient defined as follows:

HQ = PEC/PNEC (12)

where PEC is the predicted environmental concentration (resulting from
chemical analysis) and PNEC the predicted no-effect concentration. The evi-
dences from in vitro studies on HepG2 suggested that leachate inhibited cell
proliferation at low doses probably inducing a reversible cell-cycle arrest
that becomes irreversible at high doses. This study confirmed the hypothesis
that cells that survive the initial insult from leachate constituents maintains
the potential to proliferate until the effects on cell metabolism lead to death
(Baderna et al., 2011).

4.2.2. DETERMINISTIC AND STOCHASTIC MODELS FOR MONITORING

ENVIRONMENTAL IMPACT OF LANDFILL LEACHATE

Mathematical models are powerful predictive tools to address issues related
to landfill leachate management. However, inadequate and wrong field data
and insufficient understanding of the complex physicochemical and bio-
chemical reactions going on in the landfill limit the predictive capabilities
of these mathematical models. So, these models are advised to use for an
educated guesswork and to evaluate the relative importance of selected vari-
ables for management purpose. Numerous mathematical models have been
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developed since 1980s to simulate the generation and transport of leachate
in landfills (El-Fadel et al., 1996, 1997; Suk et al., 2000). A detailed review on
pre-1995 models was done by El-Fadel et al. (1997). However, these models
have their own disadvantages as a whole (Scott et al., 2005).

4.2.2.1. Assessing the reduction in hydraulic conductivity. Islam and
Singhal (2004) came up with a simple mathematical model to assess the total
reduction in hydraulic conductivity in a landfill. It was expressed in terms
of the fractional reduction due to biomass accumulation, metal precipitation,
and gas formation, as follows:

Totalreduction = 1 − k(t)/k0 = 1 − (1 − (f(x) + g(m)))(1 − h(g)) (13)

where f (x), g(m), and h(g) are functions for fractional reduction in hydraulic
conductivity due to bioaccumulation, metal precipitation, and gas formation,
respectively, k0 is the initial soil permeability (L2), and k(t) is the soil perme-
ability at time t. The term (1 − (f (x) + g(m))) represents the fraction of the
initial intrinsic permeability remaining, and (1 − h(g)) acts similarly to the
relative permeability function in representing the effect of gas flow on soil
permeability.

The impact of biomass accumulation on the permeability was described
using a simple permeability reduction model proposed by Clement et al.
(1996), as follows:

f(x) = 1 − (1 − ns/n0)19/6 (14)

where ns ( = X sρk/ρs) is the volume fraction of the soil-attached biomass
(L3 biomass L−3 total), n0 is the initial soil porosity, X s is the microbial mass
per unit mass of aquifer solids (M M−1), ρk is the bulk density of aquifer
solids (M L−3), and ρs is the biomass density (M L−3). The biomass density
was estimated as 70 mg-volatile solids cm−1 (Cooke et al., 1999). Assuming
that approximately 50% of the cellular carbon is protein the biomass density
is estimated as 35 mg-protein cm−3. The study suggested that stimulation of
anaerobic activity at the base of landfills might lead to creation of imper-
meable barriers and pore clogging of leachate collection systems (Islam and
Singhal, 2004).

Yıldız et al. (2004) developed a mathematical model to simulate landfill
leachate behavior and its distribution throughout the landfill, taking into con-
sideration the hydraulic characteristics of waste and composition of leachate.
The model incorporated governing equations describing processes taking
place during the stabilization of wastes, including leachate flow, dissolution,
acidogenesis, and methanogenesis. To model the hydraulic property changes
occurring during the development stage of the landfills, a conceptual model-
ing approach was proposed. This approach considered the landfill to consist
of columns of cells having several layers. Each layer was assumed to be
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a completely mixed reactor containing uniformly distributed solid waste,
moisture, gases, and microorganisms.

4.2.2.2. Assessment of degradation products of landfill leachate
components. Butt et al. (2008) reviewed the advantages and shortcomings
of various risk assessment techniques related to landfill leachate contami-
nation. Also, Butt and Oduyemi (2003) briefly outlined a holistic procedure
for the concentration assessment of the contaminants and a computer
model for the risk assessment of landfill leachate (Butt and Oduyemi,
2003; Butt et al., 2008). Reinhart et al. (1991) used a mathematical mass
transport model, the Vadose Zone Interactive Processes model, to describe
the fate of organic compounds in sanitary landfills. The model was used
to solve a convective–dispersive equation incorporating the transport and
transformation processes of dispersion, advection, chemical and biological
transformation, and sorption in unsaturated porous media. The model was
optimized using input data from laboratory column operations and the
physical/chemical phenomena from the field and it predicted low mobility of
hydrophobic compounds and high mobility of more hydrophilic compounds
in the landfill. Gau and Chow (1998) investigated the characteristics of
landfills using different kinds of waste combinations. COD concentrations
of leachate from semiaerobic and anaerobic landfills were processed by
using a numerical method to get a simulation model for the estimation of
variations in the organic pollutants in the leachate. The degradation of the
leachate quality was approximately similar for both types of landfills.

4.2.2.3. Mathematical simulation and long-term monitoring of
leachate components. Ozkaya et al. (2006) simulated the refuse age and
leachate components spread out using a mathematical formula in cells with
and without leachate recirculation (C1 and C2, respectively). The leachate
from Odayeri Sanitary Landfill, Istanbul, Turkey, was monitored for 920 days
by for the sulfate (SO4

2−), chloride (Cl−), COD, and BOD. The relation-
ship between these parameters and refuse age was simulated by a nonlinear
exponential function:

y = a0 + a1e − t + a2te − t (15)

where a0, a1, and a2 are unknown constants of the function, the a0 constant
is residual concentration, and y is pollutant’s concentration at time t as g L−1

and t is refuse age as months. This model could predict reaching rate to the
peak value of pollutant’s concentration to ensure optimization of leachate
treatment. Constants in the nonlinear equation were solved by the least
squares method, minimizing the total square deviations from the model of
the experimental data, using a MATLAB 7.0 computer program. A good fit
was obtained between the measured data and model simulations. The results
showed that there appeared to be little improvement in leachate quality by
leachate recirculation in terms of COD and BOD values, however, it was
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determined that the pollution loads more rapidly reached minimum values
within the C2 test cell (Ozkaya et al., 2006)

4.2.2.4. Reliability assessment of groundwater monitoring networks at
landfill sites. Monitoring well networks at the landfill sites can be used for
detecting leakage plumes. Yenigül et al. assessed the reliability of groundwa-
ter monitoring systems at landfill sites through a hypothetical problem where
the detection probability of several monitoring systems was compared by a
simulation-based model. A Monte Carlo approach was used to simulate a
large number of contaminant plumes resulting from the failure of the land-
fill. A single Monte Carlo realization consists of the following five steps,
namely (i) generation of a realization of a random hydraulic conductivity
field, (ii) solution of the steady state groundwater flow model to determine
the velocity field, (iii) generation of a random leak location, (iv) solution of
the random walk transport model to determine the concentration field of the
contaminant plume until it reaches the compliance boundary, and (v) check
whether the concentration value at a given monitoring well location exceeds
a given threshold concentration (detection limit), to determine whether a
plume is detected or not detected by the monitoring system.

The movement of contaminants in the subsurface was represented by
the advection–dispersion equation (Bear, 1972). The contaminant was as-
sumed to be conservative and to have no interaction with the solid ma-
trix. The two-dimensional advection–dispersion equation for this case can
be written as

δC

δt
+ vx

δC

δx
+ vy

δC

δy
−

∂
[
Dxx

δC
δx + Dxy

δC
δy

]

∂x
−

∂
[
Dyx

δC
δx + Dyy

δC
δy

]

∂y
= 0

(16)
where C is the concentration of the contaminant at time t at location
(x,y), νx and νy are average groundwater flow velocity components in the x-
and y-directions, respectively, and Dxx, Dxy, Dyx, and Dyy are the components
of the hydrodynamic dispersion tensor (Bear, 1972). The analysis revealed
the lateral dispersivity of the medium as one of the most significant factor
affecting the efficiency of the systems, since it is the primary parameter con-
trolling the size of the plume. It was also concluded that the reliability of
the common practice of three down-gradient monitoring wells is inadequate
for prevention of groundwater contamination due to landfills (Yenigül et al.,
2005).

4.2.2.5. Computer aided modeling for risk assessment. Hazards can
be quantified, simulated, and accurate risk analysis can be undertaken by
using computational methods and modelling precise systems, leading to a
more effective risk management. Butt et al. (2008) discussed about some
techniques used in landfill risk assessment. Some computer models and
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Contemporary Environmental Issues of Landfill Leachate 513

software program have been described in Table 6 and their shortcomings
have been pointed out.

5. RECENT TECHNOLOGICAL DEVELOPMENTS FOR LANDFILL
LEACHATE TREATMENT AND REMEDIATION

The knowledge of the impact of landfill leachate on the environment has
forced authorities to apply more and more stringent standards for pollu-
tion control. In addition, the ever increasing toxic load in MSW has caused
the leachate generated in landfills to become more varied and complex
in composition and thus difficult to treat. For many years, simple biolog-
ical and physicochemical treatments such as aerated lagoons, simple aer-
obic, and anaerobic digesters, advanced oxidation treatments using ozone
or Fenton reagents, adsorption using granular activated carbon (GAC) or
powdered activated carbon (PAC), chemical and electrical coagulation, etc.,
were considered sufficient for treatment and management of highly con-
centrated effluents such as landfill leachates. However, it was found that
the simple treatments were insufficient to meet the present stricter efflu-
ent disposal standards targeted toward complete reduction of the negative
impact of landfill leachate on the environment. This implies that new treat-
ment alternatives must be developed. Therefore, in the last two decades,
a host of new technologies based on membrane filtration, electrochemical
oxidation and combination of different reagents or technologies have been
developed as viable treatment alternative. It was found that integration of
age old technologies with advanced treatment processes yielded excellent
treatment efficiency in terms of COD, NH4–N, HMs, TOC, DOM, etc., removal
(Kjeldsen et al., 2002).

Treatment techniques vary depending on the age of the leachate and
on the leachate disposal standards set by the local authorities (Ozturk et al.,
2003; Renou et al., 2008a; Castrillón et al., 2010). Reasonable treatment ef-
ficiency can be achieved by using biological treatments for the removal of
COD, NH3–N, and HMs in case of young leachates. However, for treating
old stabilized leachate having low biodegradability, physicochemical treat-
ments have been found to be suitable as a refining step for biologically
treated leachate. Integrated chemical–physical–biological processes, in any
order, negates the drawbacks of individual processes contributing to a higher
efficacy of the overall treatment (Lin and Chang, 2000; Bohdziewicz et al.,
2001).

Due to the climatic conditions and a combination of various physical,
chemical, and biological processes occurring in the landfill, the leachate
composition can fluctuate over both short and long periods of time. Accord-
ing to Scott et al. (2005) the variation is particularly pronounced in an active
landfill. Therefore the leachate treatment system must be flexible enough to
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TABLE 6. Software for landfill risk assessments

Software Description Shortcomings References

LandSim Used for landfill risk assessment
allowing for temporal and spatial
variations. It estimates the probable
boundary of migration of leachate
plume and its concentrations at a
given point in the ground (e.g.,
groundwater abstraction point) in a
certain time, in terms of years.
Biodegradation and longitudinal
dispersion can be modeled in all
pathways, retardation in both the
unsaturated zone and the aquifer,
and attenuation in the mineral
component of liners taking account
of loss of membrane liner and cap
degradation and of active
operational/institutional control.

Exposure analysis is not quantified,
e.g., the amount of exposure for
people (or livestock) if they
consume the contaminated
groundwater.

It mainly focuses on groundwater as a
receptor and not particularly other
environmental receptors such as
human population, livestock, and
crops.

No allowance for the categorization of
hazards into toxic, nontoxic,
carcinogenic, and noncarcinogenic
groups.

LandSim is a part of the total risk
assessment not the total system
itself.

Environment Agency,
(1996, 2001, 2003c);
Slack et al. (2007)

Hydrogeological
Evaluation of Landfill
Performance (HELP)

It’s a quasi-two-dimensional
hydrologic model that can calculate
water balance of landfills and other
solid waste containment facilities
using soil, weather and design data.
It can also estimate effects of
snowmelt, surface runoff,
evapo-transpiration, infiltration,
vegetative growth, soil moisture
storage, leachate recirculation,
lateral subsurface drainage,
unsaturated vertical drainage, and
leakage through geomembrane, soil,
or composite liners.

It does not address many risk
assessment modules and
submodules such as toxicity,
chemical reactions, soil features, etc.

Schroeder et al. (1994);
Scientific Software
Group (1998)
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GasSim GasSim is principally designed for
assessing landfill gas and deals with
some risk assessment modules
relevant to landfill gas generation,
migration, impact, and exposure.

Not suitable for leachate risk
assessment

Not a complete risk assessment
models in a categorical and
algorithmic manner.

Attenborough et al.
(2002); Golder
Associates (2003)

GasSimLite Similar to GasSim and developed for
calculating landfill gas emissions.

-do- Environment Agency
(2002)

Repository Integration
Program (RIP)

It is an integrated probabilistic
simulator for environmental systems
having any potential pollutant
source in the ground. RIP has to be
adapted accordingly in landfill
scenario by risk assessors.

Not specifically developed for landfill
risk assessment. So adaptation is
time consuming and difficult task.

RIP may be applied to landfills for
contaminant release and transport,
but it does not readily provide a
straightforward total risk assessment
procedure for landfill leachate in a
sequential and systematic way.

Environment Agency
(2002); Landcare
Research (2003)

GoldSim It is a general-purpose simulation
software to support environmental
systems modeling, business and
economic modeling, and engineered
system modeling.

Not specifically developed for landfill
risk assessment. So adaptation is
time consuming and difficult task.

Golder Associates (2003)

ConSim It is a tool for risk assessment
associated with groundwater
pollution originating from
contaminated land.

This was not specifically designed for
use with landfills having a leachate
head and/or liners as in the modern
engineered landfills.

Environment Agency
(2003a); Whittaker
et al. (2001)

(Continued on next page)
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TABLE 6. Software for landfill risk assessments

Software Description Shortcomings References

Contaminated Land
Exposure Assessment
(CLEA)

It considers only human health
hazards from landfills. Other
environmental receptors such as
plants, animals, buildings, and
controlled waters are not taken into
account.

Designed for use with contaminated
land and not specifically for landfills.

Pathways are considered only from
the perspective of soil as an
exposure medium and not leachate.

Environment Agency (2003b);
Environment Agency et al. (2002)

Multimedia,
Multipathway, and
Multireceptor Risk
Assessment (3MRA),
EPA

It evaluates five waste management
unit types, viz, waste pile, landfill,
aerated tank, surface impoundment,
and land application unit. The
model is generalized toward
considering all of these types of
units.

The model does not include a
complete set of exposure routes,
e.g., some human exposure
pathways such as dermal exposure
are not included.

Simultaneous exposures toward
multiple contaminants are not
considered.
Living receptors are taken into
account but does not include
nonliving items as standalone
receptors.

Bardos et al. (2003); Environment
Protection Agency (EPA) (2004);
Leavesley and Nicholson (2005);
Weinberg et al. (2003)

tHazardous Waste
Identification Rule
(HWIR) modeling
technology

It represents the methodology
followed in United States
national-scale assessment to
determine human and ecological
risks. It is appropriate for
establishing contaminant-specific
exemption levels from different
industrial waste streams. The HIWR
modeling technology has been
developed to automate the risk
assessment methodology and to
avoid the possible over regulation.

Living receptors are taken into account
but does not include nonliving items
as standalone receptors.
It focuses on the wastes rather than
a given landfill scenario.

Construction Industry Research and
Information Association (CIRIA)
(2001); Environment Agency
(2003c); Environment Agency et al.
(2002); Environmental Protection
Agency (EPA) (1992)
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Spatial Analysis and
Decision Assistance
(SADA)

It is a free software incorporating tools
from environmental assessment
fields such as integrated modules for
visualization, geospatial analysis,
statistical analysis, human health risk
assessment, ecological risk
assessment, cost/benefit analysis,
sampling design, and decision
analysis to form an integrated
environment. The integration of the
human health risk capabilities of
SADA with modules for ecological
risk assessment can help accomplish
various Govt agencies’ guidelines.

SADA is one of the software
addressing different scenarios and
right combinations of these different
software programs have to be
selected each time while carrying
out a landfill risk analysis
The focus of the SADA appears to
be more spatial than temporal in
approach.

The Institute of Environmental
Modelling (TIEM) (2012)

Adaptable risk
assessment modeling
system (ARAMS)

It is a modeling and database driven
analysis system developed for the
US Army for estimating the human
and ecological health impacts and
risk associated with military relevant
compounds (MRCs) and other
constituents. Users can select
particular model and/or existing
database for calculating exposure,
intake/update, and effects (health
impacts) and incorporate them into
conceptual site-models.

It is a difficult task to adapt ARAMS
into a landfill leachate scenario.
ARAMS appears to concentrate
mostly on the exposure assessment
facet of a risk analysis, but does not
include a baseline study section
comprising, for instance, geology,
hydrology, hydrogeology,
topography, etc., that are necessarily
required in a landfill risk analysis.

Engineer Research and Development
Center (ERDC) (2012)

(Continued on next page)
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TABLE 6. Software for landfill risk assessments

Software Description Shortcomings References

Multimedia
Environmental
Pollutant Assessment
System (MEPAS)

It is a suite of environmental models
developed to assess environmental
problems by integrating transport
and exposure pathways for chemical
and radioactive releases to
determine their potential impact on
the surrounding environment,
individuals, and populations. MEPAS
modules have been integrated in the
FRAMES software platform to allow
MEPAS models to be used with
other environmental models to
accomplish the desired analysis.

In the context of landfills, it does not
present an overall risk assessment
methodology of landfill leachate.

Pacific Northwest National
Laboratory (PNNL) (2012b)

Framework for Risk
Analysis Multimedia
Environmental Systems
(FRAMES)

It is a software platform for selecting
as well as implementing
environmental risk assessment
software models by assisting users
in developing environmental
scenarios and by providing options
for selecting the most appropriate
computer codes for conducting
human and environmental risk
management analyses. It
incorporates models that integrate
across scientific disciplines, allowing
for tailored solutions to specific
activities.

FRAMES is a generic program. It does
not contain software especially for
landfill leachate, which could guide
a landfill assessor to perform a
landfill risk analysis.

Evangelidis (2003); Pacific Northwest
National Laboratory (PNNL)
(2012a)
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RESRAD RESRAD is an acronym for Residual
Radiation environmental analysis. It
is a family of computer codes to
provide useful tools for evaluating
human health risk from residual
contamination. The family consists
of the following:
RESRAD for soil contaminated with
radionuclides;
RESRADBUILD for buildings
contaminated with radionuclides;
RESRAD-CHEM for soil
contaminated with hazardous
chemicals;
RESRADBASELINE for risk
assessments against measured
(baseline) concentrations of both
radionuclides and chemicals in
environmental media;
RESRAD-ECORISK for ecological
risk assessments;
RESRAD-RECYCLE for recycle and
reuse of radiologically contaminated
metals and equipment; and
RESRAD-OFFSITE for off-site
receptor dose/risk assessment.

None of the RESRAD family software
is specifically for landfill leachate.
These members in combination are
not able to address all factors and
aspects of risk analysis of landfill
leachate and to combine these
would be a cumbersome task to
execute each time a landfill risk
assessment is performed for
different landfill scenarios.

Environmental Assessment Division
(EAD) (2012)

RISC-HUMAN 3.1, RUM,
Vlier–Humaan

These software packages deal with
risk analysis with a main emphasis
on exposure assessment.

These are designed for use with
contaminated land and not
specifically for landfills.

Scott and Stone (2004)
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520 S. Mukherjee et al.

FIGURE 7. Classification of leachate treatment technologies.

produce the same quality effluent despite all the variations (Kochany and
Lipczynska-Kochany, 2009). In spite of different views on the leachate treat-
ment, many experts agree that on-site treatment facilities are more suitable
both in terms of cost and in terms of efficiency.

Many good reviews on leachate treatment technologies have been pub-
lished over the years (Alvarez-Vazquez et al., 2004; Deng and Englehardt,
2006; Kurniawan et al., 2006b; Wiszniowski et al., 2006; Renou et al., 2008a;
Foo and Hameed, 2009; Kim and Owens, 2010; Laner et al., 2012). So, this
section concentrates only on the recent developments in this area post-2005.
Different leachate treatment techniques have been classified as illustrated in
Figure 7.

5.1. Application of Natural Attenuation for Leachate Remediation

According to USEPA (1999), the amalgamation of different physical, chemical
and biological processes occurring in nature, which can efficiently reduce
concentration, toxicity, and/or mobility of contaminants can be defined as
natural attenuation. The application of constructed wetlands (CWs) for nat-
ural treatment of leachate has been practised for many years in different
countries with varying degrees of success (Vrhovšek et al., 2000; Pendleton
et al., 2005). CWs are mainly of two types, free surface water system and
subsurface flow system, depending on the nature of wastewater flow. The
treatment of wastewater in CWs involves a combination of biological and
biochemical processes (Yalcuk and Ugurlu, 2009). The wetlands provide
suitable milieu for rapid natural attenuation of organic contaminants due to
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Contemporary Environmental Issues of Landfill Leachate 521

FIGURE 8. Representation of soil plant system in a CW, adapted from Jones et al. (2006).

the presence of large variety of microorganisms, nutrients in the discharg-
ing groundwater, and a wide range of redox conditions in the surrounding
groundwater or surface water interfaces (Tobias et al., 2001; Lorah et al.,
2009). Microbial communities present in CWs can break down the complex
organic compounds in wastewaters and with age as the microbial population
increases in a CW the rate of organic removal increases (Calli et al., 2006).
Fluorescence results reveal the predominance of bacteria in CWs, includ-
ing heterotrophic and autotrophic, which are responsible for BOD5 removal
(Sawaittayothin and Polprasert, 2007). However, different treatment plants
support different bacterial populations and even within a given treatment
plant significant variations in community profile has been observed.

Phytoremediation is an attractive technology for landfill remediation and
according to Kim and Owens (2010), it can stabilize soil while simultaneously
remediating landfill leachate. Figure 8 illustrates the interaction between the
soil and plant systems for leachate remediation in a CW. Plants influence the
redox potential in planted CWs by supplying oxygen to the soil in the root
rhizospheric zone. Enhanced nitrification by nitrifying bacteria takes place in
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522 S. Mukherjee et al.

this zone, thereby reducing the NH4–N concentration in the landfill leachate
(Białowiec et al., 2012b). The amount of oxygen in the rhizosphere shows
diurnal and seasonal fluctuations depending upon various factors like photo-
synthesis, light intensity, stomatal aperture, and temperature (Białowiec et al.,
2012a). The plants that are commonly used in CWs are cattail (Typha latifo-
lia L.), willow-coppice (Salix sp.), poplars, reed (Phragmites australis Trin
ex Steudel), rush (Juncus effusus L.), yellow flag (Iris pseudacorus L.), and
mannagrass (Glyceria maxima) (Rosenqvist and Ness, 2004; Duggan, 2005;
Białowiec et al., 2007; Wojciechowska and Obarska-Pempkowiak, 2008;
Zalesny et al., 2008; Wojciechowska et al., 2009; Yalcuk and Ugurlu, 2009).

The HM content in leachates from old landfill sites are usually low
and do not represent much difficulty in purification procedures (Christensen
et al., 2001; Kjeldsen et al., 2002; Long et al., 2009). Different biotic and
abiotic processes such as complexation, precipitation, flocculation, adsorp-
tion, cation and anion exchange, oxidation and reduction, adsorption, mi-
crobial activity, and plant uptake are responsible for HM removal in a CW
(Kosopolov et al., 2004; Ujang et al., 2005; Sinan Bilgili et al., 2007). The
mobility and ecotoxicity of HMs depends on the metal speciation and the
fraction of DOM to which it is bound.

CWs show high BOD5, TN, and FCs removal efficiency of 91%, 96%,
and more than 99%, respectively (Bulc, 2006; Sawaittayothin and Polprasert,
2007; Mehmood et al., 2009; Yalcuk and Ugurlu, 2009). Examples of leachate
treatment in CWs and the achieved efficiency is tabulated in Table 7 . Accord-
ing to Picard et al. (2005) about 98–99% of nitrogen and phosphorus removal
may be achieved in a CW. Irrespective of the microorganism density and the
type of plants used, the prevailing weather conditions have significant influ-
ence on the treatment capacity of a CW (Akratos and Tsihrintzis, 2007). There
are certain drawbacks associated with the land application of leachate as a
phytoirrigant, the most important being high nitrogen and salinity loadings.
Salinity loading due to leachate irrigation can be managed, by judiciously
controlling the leachate application rate and by providing intermittent fresh
water irrigation. According to Smesrud et al. (2011) fresh water irrigation can
be 30% of the total irrigation water supplied.

5.2. Application of Biological and Biochemical Techniques
in Reactors

Traditionally, landfill leachates have been treated along with sewage in
sewage treatment plants. According to Robinson and Barr (1999), combi-
nation of different biological and physicochemical treatment methods for
landfill leachate treatment is more efficient than using any single treatment
system such as sequential batch reactors (SBRs), upflow anaerobic sludge
blanket reactor (UASB), anaerobic digesters, and others. Leachate contains
high COD and NH4–N content and some other noxious substances such
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TABLE 7. Overview of leachate treatment techniques involving natural processes

Technology
Mechanism and

process Scope Efficiency Country Advantage Disadvantage
Selected

references

Constructed
wetlands

Phytoremediation by
cattail and in situ
microorganisms

BOD5

TN
FC
Total P
Cd

91%
96%
>99%
98–99%
99.7%

Thailand Low operation
and
maintenance
cost

Buildup of
excessive salts
in soil due to
poor
understanding
of soil plant
system and
improper
management

Sawaittayothin
and Polprasert
(2007)

Phytoremediation by
reeds and cattail

BOD5

COD
NH3–N
Total P
Fe
Chloride

50%
59%
51%
53%
84%
35%

Slovenia Low operation
and
maintenance
cost

Slow operation
in the initial
phase

Bulc (2006)

Phytoremediation by
cattail
(Typhalatifolia)

COD
NH4–N
PO4–P
Fe (III)

27.3%
62.3%
52.6%
21%

Turkey Low operation
and
maintenance
cost

Low removal in
the initial
phase
Long
stabilization
period

Yalcuk and
Ugurlu (2009)

Phytoremediation by
Phragmitesaustralis
and Salix purpurea

SS
BOD5

NH4–N
Total P
Phenols

83.7%
65.5%
41.9%
38.4%
61.7%

Slovenia Leachate reuse
as fertilizer
for the
growth of
energy crops

Large amount of
elements
percolate back
into the
waste layers
after irrigation

Justin and
Zupancic
(2009)

Aerated
lagoons

Microbial oxidation,
plant uptake

COD
TN

75%
80%

United
Kingdom

Low operation
and
maintenance
cost. Suitable
for the
removal of N

Long hydrollic
retention time

Mehmood et al.
(2009)
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524 S. Mukherjee et al.

as HMs which are difficult to be remediated by biological treatments alone
(Uygur and Kargi, 2004; Xu et al., 2008).

In the SBR systems, reaction and sludge settling are completed in the
same reactor, sequentially (Aziz et al., 2011b). The time-dependent character
of the process facilitates the alteration of SBR operation cycles in response
to variation in waste, which occurs frequently in case of landfill leachate
(Laitinen et al., 2006; Trois et al., 2010). According to Klimiuk and Ku-
likowska (2006), the treatment strategy in SBRs maybe designed as follows:
dump filling of wastewater into the SBR over a relatively short period of
time, elimination or reduction of aeration and mixing during filling stage
and increasing the volumetric exchange ratio. A long sludge age allows the
growth of slow growing microorganisms in mixed culture of the activated
sludge, which eventually participate in the removal of slow biodegradable
substrates. However, for SBRs operated under aerobic conditions short hy-
draulic retention time is more favorable as long hydraulic retention time can
cause reduction in biomass concentration due to cell decay (Klimiuk and
Kulikowska, 2006). Many researchers found that the addition of activated
carbons like PAC, GAC, and biometric fat cells increased the efficiency of
SBRs by effectively removing stable hydrophobic organic chemical species
from biologically treated landfill leachate (Kargi and Pamukoglu, 2004; Liyan
et al., 2009; Aziz et al., 2011c). Neczaj et al. (2007) found that a pretreat-
ment of landfill leachate by sonication increased COD and nitrogen removal
efficiency in a SBR.

Di Iaconi et al. (2006) proposed an aerobic sequencing batch biofil-
ter granular reactor having high organic removal efficiency of about 80%
in terms of COD. Systems with granular biomass are known to have up
to 15 g L−1 biomass concentrations and conversion capacities of 6–7 kg of
COD m−3 and relatively low sludge production rates (Di Iaconi et al., 2005).
This treatment technique was further modified by addition of a pretreatment
step for nitrogen removal by struvite precipitation, and subsequent biolog-
ical degradation by ozone which increased nitrogen removal efficiency (Di
Iaconi et al., 2011). Gálvez et al. (2006, 2012) used submerged biofilter under
aerobic and anaerobic conditions for leachate treatment.

Anaerobic digestion is a simple and effective biotechnological process
that has been used extensively to treat organic wastes. Anaerobic processes
involve the sequential breakdown of complex organic compounds by sev-
eral effectively interacting metabolic groups of microorganisms (Huang et al.,
2003). According to Erses et al. (2008) and Mertoglu et al. (2006), better
organics, nitrogen, phosphorous, and alkali metal removal is achieved un-
der aerobic condition as compared to anaerobic conditions. Codigestion of
sewage and leachate is an effective leachate treatment option if the leachate
is young and the sewage treatment facility is located near the landfill site
(Garg and Mishra, 2010). Mixing of leachate and sewage increases the TOC
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FIGURE 9. Laboratory scale combined anaerobic–aerobic leachate treatment system, adapted
from Kheradmand et al. (2010).

and causes the biogas yield to increase. The biogas yield from the cofermen-
tation of sewage sludge and intermediate leachate mixture at the ratio of
20:1 is 13% higher than the biogas yield using sludge alone (Montusiewicz
and Lebiocka, 2011).

Single-stage mesophilic mixed anaerobic digestion rector is extensively
used for reduction of organic sludge volume from wastewater treatment
processes (Song et al., 2004). Kheradmand et al. (2010) combined anaero-
bic digester under meshophilic condition with an activated sludge unit and
achieved 94% and 93% COD reduction at a loading rate of 2.25 g COD L−1

d−1 and 3.37 g COD L−1 d−1, respectively. The system also achieved HM
removal, however ammonia was not removed by the combined system. A
schematic diagram of the laboratory scale combined anaerobic and aerobic
leachate treatment system is shown in Figure 9.

The UASB reactor has been combined with many physical and chemi-
cal treatment techniques for obtaining higher removal efficiencies (Marañón
et al., 2006; Bohdziewicz and Kwarciak, 2008). Bohdziewicz and Kwarciak
(2008) combined UASB with reverse osmosis (RO) while Marañón et al.
(2006) effectively combined nitrification–denitrification treatment with UASB
reactors to obtain the desired removal standards. The moving-bed biofilm
reactor (MBBR) is an effective biological treatment process, which was devel-
oped by combining conventional activated sludge process and fluidized-bed
reactor (Loukidou and Zouboulis, 2001; Chen et al., 2008). Chen et al. (2008)
was able to achieve 92–95% COD removal due to methanogenesis along
with 97% NH4–N removal in an anaerobic MBBR.
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Lab-scale anoxic rotating biological contactor is highly effective for the
removal of nitrate from a mature landfill leachate and is an example of
biological attached growth filter technology (Teixeira and Oliveira, 2000;
Wiszniowski et al., 2006). Cortez et al. (2011) was able to achieve almost
100% nitrate nitrogen removal efficiencies without nitrite or nitrous oxide
accumulation, however the reactor could not achieve the desired carbon
removal standards. In this reactor ammonium is partly converted to nitrite
by ammonium oxidizing bacteria and subsequently the heterotrophic deni-
trifying bacteria uses nitrite as the final electron acceptor and nitrogen gas
is released as shown in Eq. (17) (Hellinga et al., 1999). In some instances
anammox bacteria converts ammonium and nitrite directly to nitrogen gas
as given in Eq. (18) (Strous et al., 1998; van Dongen et al., 2001):

2NO2 − +6H + +6e− → N2 + 2OH − +2H2O (17)

NH4 + +1.31NO2 − +0.066HCO3 − +0.13H+ → 1.02N2 + 0.26NO3−
+0.0066CH2O0.5N0.15 + 2.03H2O (18)

Kim et al. (2006) noted that nitrification treatment in a leachate treatment
plant was severely affected due to high free ammonia content of leachate.
At high pH the free ammonia concentration increases which inhibited ni-
trite oxidizing and ammonia oxidizing bacteria especially under high NH4–N
condition.

The coupling of partial nitration process with anammox is a very eco-
nomical process, however anammox is not suitable for wastewater with
COD and NH4–N ratio greater than one (van Dongen et al., 2001; Xu
et al., 2010). Berge et al. (2006) experimented with a completely aero-
bic nitrification–denitrification bioreactor for NH4–N removal from landfill
leachate and found that nitrification–denitrification could occur simultane-
ously in an aerobic landfill cell, without having two separate anoxic and
aerobic cells.

Liang and Liu (2008) combined a partial nitration reactor, anammox
reactor and two underground soil infiltration systems. The combined system
was effective for leachate treatment and worked stably over a long period
of time under the experimental conditions. The underground soil infiltration
system has low construction and operation expenditure. Due to complex
interplay between hydraulic flow and purification processes of filtration,
sorption, chemical reactions, biotransformation, predation and plant uptake,
significantly higher purification can be attained by the underground soil
infiltration systems (Van Cuyk et al., 2001). Underground soil infiltration
system is a promising option for advanced treatment of landfill leachate.

Puig et al. (2011) used microbial fuel cells to treat landfill leachate
containing 6033 mg L−1 of nitrogen and a conductivity of 73,588 μS cm−1,
for production of electricity. The microbial fuel cell had an air-cathode and
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FIGURE 10. Pilot scale recirculation bioreactor system (adapted from Jiang et al (2007)).

was run over a period of 155 days. The system was able to remove up to
8.5 kg m−3 d−1 of biodegradable organic matter and generated 344 mW m−3

of electrical energy.
MSW degradation inside a landfill can be enhanced by leachate recir-

culation as observed by a number of researchers who used recirculation
bioreactors for the purpose of leachate treatment (Iglesias et al., 2000; Jiang
et al., 2007; Jun et al., 2007; Li et al., 2010a). Jiang et al (2007) made recircu-
lation reactors by packing landfill waste in anaerobic columns, the schematic
diagram of which is as shown in Figure 10. In another experiment Li et al.
(2010a) used 8 years old aged refuse (AR) excavated from Shanghai Refuse
Landfill for leachate treatment. In both the cases excellent organic removal
was observed as discussed in Table 8 . Han et al. (2011) modified the AR
biofilter by making it semiaerobic. This new semiaerobic AR biofilter reac-
tor showed superior efficacy for nitrogen removal as compared to other AR
biofilter systems. Sometimes, the landfills are engineered to act as bioreactor
landfills so as to provide a more controlled means of reduction in green-
house gases and methane migration (Warith, 2002). In bioreactor landfills
the stabilization and settlement process of MSW is accelerated by optimizing
the conditions for microbial degradation of MSW, this also allows for addi-
tional MSW disposal or faster land reuse (Kelly, 2002). In both aerobic and
anaerobic bioreactors, leachate recirculation increases the moisture content,
distributes nutrients and enzymes between bacteria and the waste, causes
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TABLE 8. Application of biological processes in reactors for leachate treatment

Technology
Mechanism
and process Scope Efficiency Country Advantage Disadvantage

Selected
references

Recirculation
bioreactor

Anaerobic
digestion

COD 96.9% China Increased
methane
production
Increased
landfill
capacity due
to increased
air space
Acceleration
of refuse de-
composition

Full-scale landfill
operation may
cause
ponding,
flooding or
clogging
especially in
areas with
increased
precipitation

Jiang et al. (2007)

Anaerobic
digestion
with inter-
mittent
aeration
for phase
separation

COD
BOD5

NH4–N
Total N

80%
81%
75%
74%

China Accelerated
conversion
and
stabilization of
solid waste by
promoting
rapid
development
of desired
microbial
population of
denitrifiers,
nitrifiers, and
methanogens

— Jun et al. (2007)
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Two stage
bioreactor
with aged
refuse (AR)
biofilter
media

Anaerobic
degrada-
tion

COD
NH4–N
BOD5

Total N

93%
96.9–99.8%
95.8–99.8%
49–63%

China The landfilling
after
excavation
may be used
for
relandfilling,
leading to
longer
service life of
landfills

Blockage of the
AR biofilter

Li et al. (2010a)

Combined
sequencing
batch
biofilter
granular
reactor
(SBBGR)

Aerobic
decompo-
sition by
sub-
merged
biofilter
with
aerobic
granular
biomass

COD 80% Italy High
conversion
capacity
Low sludge
production
High
compactness

Low ammonia
removal due
to high salinity
and presence
of inhibitory
compounds

Di Iaconi et al.
(2006)

Sequential
batch
bioreactors

COD 97.5% Poland Time-oriented
nature of
operation in
SBR
facilitates the
alteration of
operating
cycle
depending
on the
variation in
leachate

— Klimiuk and
Kulikowska
(2006)

(Continued on next page)
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TABLE 8. Application of biological processes in reactors for leachate treatment

Technology
Mechanism
and process Scope Efficiency Country Advantage Disadvantage

Selected
references

Anaerobic
–anoxic
–aerobic
(A2/O)
bioreactor

Anaerobic
fermenta-
tion

NH4–N
COD
Total N

96.5
81.7%
61%

China Suitable for N
removal

Only diluted
leachate is
treated

Yu et al. (2010)

Simultaneous
aerobic and
anaerobic
(SAA)
bioreactor

Combined
aerobic
and
anaerobic
digestion

COD
NH4–N

94%
95%

China The system of
SAA
bioreactor is
very simple
Requires few
specialized
skills for
operation
Low energy
consumption
Chemicals
rarely
applied

Long
stabilization
period

Yang and Zhou
(2008)

Aerobic
bioreactor

Aerobic
degrada-
tion

COD
BOD5

90%
99.6%

Greece Aerobic
bioreactor
enhance
removal
process
Achievement
of optimum
waste
stabilization
Reduce
methane
production

— Giannis et al.
(2008)
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Simultaneous
leachate
and sludge
digester

Cofermentation
of leachate
and
sludge

Biogas
gener-
ation

1.30 m3 kg−1

of
removable
volatile
solids
(sludge:
leachate
ratio of 20:1)

Poland Enhanced
biogas and
methane
generation

Small quantity of
leachate being
treated

Montusiewicz and
Lebiocka (2011)

Combined
anaerobic
digester
and
activated
sludge
system

Anaerobic
digestion

COD
Am-
monia
Alka-
linity
Zinc

94%
48.6–64.7%
49–60%
50%

Iran Reduced
sludge
production
Effective HM
removal

Excessive
inorganic
scale
deposition in
the interior of
the reactor
leading to
operational
problems

Kheradmand
et al. (2010)

Fe, Cu,
Mn, Ni

88.8–99.9%

Methane
pro-
duc-
tion
rate

0.02–0.04 L
g−1 CODrem

(Continued on next page)
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TABLE 8. Application of biological processes in reactors for leachate treatment (Continued)

Technology
Mechanism
and process Scope Efficiency Country Advantage Disadvantage

Selected
references

Swim-bed
biofringe
reactor

Combined
aerobic
and
anaerobic
treatment

COD
BOD
Total N
NH4–N
Nitrite
Nitrate
Phos-
phate
color
SS

82.6%
90.7%
21.8%
53.2%
36.4%
52.4%
86.3%
63.2%
3.5%

Malaysia Swim-bed BF
achieved
higher
performance
for nitrite,
nitrate, and
phosphorus
removal due
to its aerobic
and
anaerobic
phase
structure
The
technique is
less sensitive
to adverse
environmen-
tal conditions
Less sludge
production

Humic acids
were not
treated
adequately as
a result color
removal was
very low

Aziz et al. (2011a)
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Fixed bed
biofilm
reactor
(microor-
ganisms
developed
on GAC
bed)

Aerobic
degrada-
tion
(con-
trolled
aeration)

Dissolved
organic
carbon
NH4–N

95%
90%

Tested on
artificial
leachate

Denitrification
occurred
even in the
absence of
external
carbon
supply due
to partial
biomass
decay

No excess
sludge
formation
Can be
operated as
an
automated
system for
leachate
treatment
Cost effective

Tested only on
artificial
leachate

Ismail and
Toshihiko
(2012)
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pH buffering, dilutes inhibitory compounds, and distributes methanogens
(Sponza and Agdag, 2004; Bilgili et al., 2007). However, there are certain dis-
advantages associated with leachate recirculation, such as too much leachate
recirculation can cause ponding, saturation, accumulation of ammonia nitro-
gen, development of acidic conditions, and/or the inhibition of methano-
genesis due to the accumulation of VFAs (Reinhart and Al-Yousfi, 1996; San
and Onay, 2001; Ledakowicz and Kaczarek, 2002; Sponza and Agdag, 2004).
Hence, internal leachate characteristic in the solid waste landfill site during
recirculation needs to be done by the introduction of monitoring wells (Sor-
munen et al., 2008). In bioreactor landfills clog formation during leachate
recirculation can be effectively controlled by methanogenesis of leachate
prior to recirculation (Lozecznik et al., 2010). Khire and Mukherjee (2007)
identified the key design variables for leachate recirculation system in a land-
fill consisting of vertical wells using the finite-element model HYDRUS-2D
numerical model.

5.3. Application of Physical and Chemical Processes for Leachate
Treatment

5.3.1. ADVANCE OXIDATION TREATMENTS

Advanced oxidation processes (AOPs) is used to enhance the biotreatability
of recalcitrant and/or nonbiodegradable organic substances, through the gen-
eration of highly reactive chemical species, such as hydroxyl radicals (•OH)
(Yu et al., 1998; Doocey and Sharratt, 2004; Parsons and Williams, 2004;
Wiszniowski et al., 2004; de Morais and Zamora, 2005; Wang et al., 2006;
Deng and Englehardt, 2008; Kurniawan and Lo, 2009). The •OH breaks the
organic molecules by abstracting a hydrogen atom or by introducing double
bonds in the molecule (Sarria et al., 2002). The •OH decompose even the
most recalcitrant molecules into biodegradable compounds, such as CO2,
H2O, and inorganic ions (Bauer et al., 1999; Gogate and Pandit, 2004a,
2004b). There are different ways of producing hydroxyl radicals, which en-
hances the versatility of AOPs. Some of the methods by which hydroxyl
radicals can be generated are: TiO2/UV, H2O2/UV, Fenton (Fe2+/H2O2),
photo-Fenton (Fe2+/H2O2/ UV), electro-Fenton, electro-photo-Fenton, and
ozone (O3, O3/UV, and O3/H2O2) (Cho et al., 2002; Kurniawan et al., 2006c;
Tizaoui et al., 2007; Altin, 2008; Frontistis et al., 2008; Poznyak et al., 2008;
Atmaca, 2009; Hermosilla et al., 2009; Jia et al., 2011). A disadvantage of
some of the AOPs is the high demand for electric power, which increases
the operational cost of the process (Lopez et al., 2004). However, the intro-
duction of renewable solar energy as the UV photon source has lowered the
demand of electric power (Rocha et al., 2011). This technique is also known
as solar photocatalysis. A combination of AOP and other treatment process
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has been found to be an economical as well as efficient (Kurniawan et al.,
2006c).

Meeroff et al. (2012) experimented with a new technique, photochemi-
cal iron mediated aeration (PIMA) process and compared its efficiency with
TiO2 photocatalysis for both real and simulated leachate. Table 9 illustrates
the efficiency of the technique for real landfill leachate. In another novel
approach, Galeano et al. (2011) experimented the applicability of catalytic
wet peroxide oxidation (CWPO) for leachate treatment. It was found that
CWPO treatment in the presence of Al/Fe-pillared clay catalyst was able to
remove 50% COD and simultaneously enhance the biodegradability of the
leachate from 0.135 to 0.321 in 4 hr of reaction at 18◦C and 72 kPa.

Among the individual AOPs discussed herein, ozonation and/or Fenton
oxidation are the most commonly applied techniques for leachate treatment.
Selection of suitable AOP depends on the leachate characteristics, techni-
cal applicability, and other parameters, such as effluent discharge standards,
cost-efficiency, regulatory requirements, and long-term environmental im-
pacts.

5.3.1.1. Ozonation. Ozone is known to degrade organic compounds
and is effective for the removal of nitrogen, color, and odor (Haapea et al.,
2002; Wang et al., 2002; Poznyak et al., 2008). Ozone has a high oxidation
potential (E0) of 2.07 V as shown in Eq. (19), and can be used for the
treatment of contaminated wastewater of high strength (Camel and Bermond,
1998; Al-Kdasi et al., 2004):

O3 + 2H + +2e− → O2 + H2O, Eo= 2.07V (19)

However, ozonation alone can remove only 35% COD and 50% NH4–N
from leachate (Kurniawan et al., 2006a). So, it is applied in conjunction
with other treatment techniques for better efficiency (Kerc et al., 2003).
Application of GAC to ozone treatment improved the process efficiency
by accelerating the kinetic rate of the ozone decomposition through the
formation of nascent •OH radicals which have higher oxidation potential of
2.80 V as seen in Eq. (20). It can easily oxidize the organic matter present in
leachate (Wang et al., 2004).

OH + H + +e− → H20, E◦ = 2.80 V (20)

Ozone is incapable of degrading HS (Wang et al., 2004). However, it is
highly suited for ammonia removal as shown in Eq. (21) (Kurniawan et al.,
2006a):

NH3 + 4O3− → NO3 − +4O2 + H2O + H+ (21)

Ntampou et al. (2006) found that ozonation followed by
coagulation–flocculation was less efficient in COD removal as compared to
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TABLE 9. Application of advanced oxidation processes for leachate treatment

Technology Scope Efficiency Country Advantage Disadvantage
Selected

references

Ozonation Organics (simple
acids, fulvic
acids, humic
acids)

— Mexico Complete removal of
color

Significant removal of
organics

Pretreatment with
coagulation
required

Poznyak et al.
(2008)

Photo-Fenton
oxidation

Improvement of
biodegradabil-
ity

64% Brazil Suitable for treatment
of stabilized
leachate.

Other subsequent
treatment
techniques required
for effective
removal of organics

de Morais and
Zamora
(2005)

Fenton
oxidation

HS
COD
TOC

95.8%
65%
55%

China Effective removal of
humic substances

Large reaction tanks
required due to
foaming during
mixing and
oxidation

Wu et al.
(2010)

Oxone/Co2+

oxidation
COD
SS
color

57.5%
53.3%
83.3%

China More suitable for large
scale application
than Fenton
treatment

Longer reaction time
for higher
degradation
More number of
stepwise addition
of reagent as
compared to
Fenton treatment

Sun et al.
(2009)

PIMA COD BOD5

Pb
Ammonia
color

<50%
<50%
>90%
21%

>90%

USA Effective for removal
of certain metal
oxyanions (arsenite,
arsenate, vanadate
and chromate) and
HMs

Presence of color and
turbidity lowers the
photocatalytic
degradation

Meeroff et al.
(2012)
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UV/TiO2 COD
Ammonia
color

86% (BOD/COD
ratio increase
from 0.09 to

0.14)
71%
90%

Effective for color
removal
The photocatalytic
particles may be
used more than four
times with no loss in
removal efficiency

—

UV/TiO2 and
Fe(III) as
catalyst

TOC 95% Spain Effective degradation
of HA
Utilization of the
waste TiO2

Treatment tested only
for diluted leachate

Poblete et al.
(2011)

Thin gap
annular
UV/H2O2

photoreactor

Color
COD

91%
87%

Taiwan Good removal of color
and COD

Effective removal
exhibited only
under diluted
conditions

Shu et al.
(2006)

FeGAC/H2O2

system
HA
FA

83%
86%

Taiwan Efficient for treating
stabilized landfill
leachate

Not suitable for
treatment of raw
landfill leachate
Pretreatment of
leachate with other
techniques required

Fan et al.
(2007)
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coagulation–flocculation followed by ozonation, which could reduce COD
from an initial value of 1010 mg L−1 to less than 180 mg L−1.

5.3.1.2. Fenton oxidation. Treatment of landfill leachate using Fen-
ton process has been widely reported in recent years (Kang and Hwang,
2000; Kim et al., 2001; Pala and Erden, 2004; de Morais and Zamora, 2005;
Stuber et al., 2005; Zhang et al., 2005; Deng and Englehardt, 2006; Gotvajn
et al., 2009; Sun et al., 2009). The mechanism of free radical generation in a
Fenton oxidation reaction involves the following key steps as illustrated in
Eqs. (22)–(27):

Fe2++H2O2 → •OH + OH− (22)

Fe3 + +H2O2 → Fe2 + + • OOH + H+ (23)

Fe3 + + • OOH → Fe2 + +H + +O2 (24)

•OH + Fe2+ → Fe3 + +OH− (25)

•OH + •OH → H2O2 (26)

•OH + H2O2 → •OOH + H2O (27)

The •OH radical can attack and initiate a series of oxidation reactions
leading to the degradation of the organic pollutant as seen in Eq. (28):

•OH + RH → H2O + R• → further oxidation (28)

The primary processes involved for leachate treatment by Fenton
Reagent are pH adjustment, oxidation, neutralization, coagulation, and
precipitation (Kang and Hwang, 2000). According to Wu et al. (2010) Fenton
treatment is highly effective in removal of about 95.8% HS in 24 hr period.
The photo-Fenton process is much more efficient than heterogeneous
TiO2, TiO2/H2O2/UV, or homogeneous H2O2/UV photocatalysis. The initial
reaction rate of photo-Fenton is 20 times higher and leads to almost
complete mineralization of the wastewater (Moraes and Bertazzoli, 2005;
Vilar et al., 2011). The H2O2 molecule is cleaved with a quantum yield of
two •OH radicals per quanta of absorbed radiation, as shown in Eq. (29)
(Esplugas et al., 2002):

H2O2 + hυ → 2 • OH (29)

The •OH radicals significantly improve the biodegradability. The
BOD5/COD ratio improves from 0.13 to 0.37 or 0.42, which is seen to result
in an almost total COD and color removal (Malato Rodŕıguez et al., 2004; de
Morais and Zamora, 2005).
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5.3.2. ADSORPTION

Adsorption is recognized as one of the most efficient and extensively used
fundamental approach in wastewater treatment processes (Daifullah et al.,
2004; Kurniawan et al., 2006b). Traditionally activated carbon has been used
for leachate treatment due to its large porous surface area, controllable
pore structure, thermal stability, and low acid/base reactivity (Li et al., 2008;
Méndez-Dı́az et al., 2012). Activated carbon has a superior ability to remove
a wide variety of organic and inorganic pollutants dissolved in aqueous and
gaseous environments (Chingombe et al., 2005; Singh et al., 2012).

Activated carbon adsorption was effective for ammonium nitrogen re-
moval from landfill leachate samples (Foo and Hameed, 2009). The addition
of PAC improved the performance of biological treatment of leachate (Kargi
and Pamukoglu, 2003a, 2003b). Lim et al. (2010) used EDTA modified rice
husk in a SBR and achieved better COD and nitrogen removal efficiency as
compared to commercially available PAC.

Activated carbons can be prepared from a large variety of carbon-
containing materials through pyrolysis. Large number of agricultural by-
products such as sugarcane bagasse, rice straw, soybean hulls, rice hulls,
peat moss, nutshells, and other lignocellulosic wastes has been used to
prepare inexpensive and renewable additional source of activated carbons
(Ahmedna et al., 2000; Kadirvelu et al., 2003; Sahu et al., 2010). Activated
carbon made from tamarind wood and chemically activated by zinc chloride
was used for the removal of lead and chromium from wastewater with sig-
nificant success (Dwivedi et al., 2008; Singh et al., 2008; Sahu et al., 2009a).
Other low-cost adsorbents that have been successfully used for HM removal
are peat and rubber wood ash (Hasan et al., 2000; Sen Gupta et al., 2009).
These adsorbent may also be used for the treatment of leachate. A basic two
stage process consisting of carbonization followed by activation is followed
for the production of activated carbons. In the first step the carbon con-
tent is enriched for the creation of an initial porosity and second activation
stage helps in enhancing the pore structure (Acharya et al., 2009a, 2009b).
Some reviews have been published on the preparation of activated carbon,
which can be subsequently utilized for leachate treatment (Dias et al., 2007;
Demirbas, 2009).

In addition to activated carbon other materials like clinoptilolite, ve-
olite (CV-Z) synthesized from coal fly ash , limestone, peat, blast furnace
slag, and pine bark have been utilized for leachate treatment with good
results (Heavey, 2003; Aziz et al., 2004b; Luna et al., 2007; Karadag et al.,
2008; Nehrenheim et al., 2008; Sõukand et al., 2010; Orescanin et al., 2011).
Clinoptilolite has a high NH4–N removal efficiency (Hankins et al., 2005). Li
et al. (2011b) used coal fly ash, treated with initiator C for landfill leachate
treatment. The efficiency of the above-mentioned adsorbents is discussed in
Table 10 . Oti et al. (2011) used an iron oxide based adsorbent Kemiron
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TABLE 10. Application adsorbents for leachate treatment

Adsorbents Scope Efficiency Country Advantage Disadvantage
Selected

references

Zeolotized
coal fly ash

COD
NH4–N
SS

43%
53%
82%

Spain Utilization of fly ash in
leachate treatment

For effective waste removal
process needs to be
combined with other
treatment techniques

Luna et al.
(2007)

Pine bark Metal removal — Sweden Pine very effective in
metal retention

No color removal Nehrenheim
et al. (2008)

Blast furnace
slag

Composite
zeolite-
carbon

NH3–N
COD

90%
93.7%

Malaysia Combined adsorption
properties of zeolite
and carbon

Low-cost adsorbents

— Halim et al.
(2010b)

Clinoptilolite NH4–N — Turkey Regeneration of
adsorbent after
exhaustion lead to
higher removal
efficiency, so the same
column can be used
repeatedly

Competitive ions decrease
efficiency

Karadag et al.
(2008)

Ozone
modified
GAC

COD
NH3–N

86%
92%

China System robust enough to
handle large variations
in leachate composition
and strength

The process needs to be
combined with other
treatment techniques to
achieve desired effluent
standards

Kurniawan
et al.
(2006a)
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Anion
exchange
resins

Color
COD
SS
Turbidity

91.5%
70.3%
93.1%
92.4%

Malaysia Good removal efficiency
Ease in operation
Low running cost
Low energy
consumption

Overall treatment cost
needed to cover the total
resins required
Inability of anionic resin
to exchange the positive
ion substances such as
NH3–N due to its mobile
ion charge
Not suitable for young
leachate treatment since
biological treatment could
be effectively used prior
to an ion exchange
The process needs to be
combined with other
treatment techniques to
achieve desired effluent
standards

Bashir et al.
(2010)

Sequential
application
of anion
and cation
exchange
resin

Color
COD
NH3–N

96.8%
87.9%
93%

Malaysia Good removal efficiency
Low energy
consumption

Not suitable for young
leachate treatment since
biological treatment could
be effectively used prior
to an ion exchange

Bashir et al.
(2011)
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for the removal of As(V) and As(III) from leachate. Fuller earth beads and
cylinders containing chitosan and sodium silicate as binders were used suc-
cessfully by Hasan et al. (2007) for the removal of cesium from wastewater.
This can also be replicated for leachate treatment.

Composite adsorbent media made by combining different materials like
zeolite and activated carbon, carbon, and low-cost materials such as lime-
stone or rice husk, carbon waste with Portland cement as a binder, and so
on (Gao et al., 2005; Azhar et al., 2006). The combinations of hydrophilic
and hydrophobic groups in the adsorbents make an excellent adsorption
system which can remove both metallic ions and organic substances (Okolo
et al., 2000). Studies show that ammoniacal nitrogen was better adsorbed by
composite adsorbents toward than zeolite and activated carbon (Halim et al.,
2010a). Halim et al. (2010b) studied the performance of such composite ad-
sorbent media via a lab-scale column study which is shown schematically in
Figure 11.

Studies have shown that the combination of activated carbon and ozone
is a suitable and feasible option for the treatment of landfill leachate (Fettig
et al., 1996; Rivas et al., 2003). Addition of PAC to activated sludge reac-
tors has shown to enhance the biological treatability of leachate (Aktaş and
Çeçen, 2001). Sahu et al. (2009b) used activated rice husk in a three phase
modified multistage bubble column reactor and achieved 77.15% and 19.05%
lead and BOD5 reduction, respectively, under optimum conditions. This tech-
nique can also be used for leachate treatment, specifically for the removal of
HMs. Li et al. (2010b) applied coagulation flocculation followed by adsorp-
tion using PAC and obtained 86%, 97.6%, 99.7%, and 78%, removal of COD,
Pb, Fe, and toxicity, respectively, under optimum operating conditions.

5.3.3. COAGULATION–FLOCCULATION

Coagulation and flocculation have been used successfully in treating sta-
bilized and old landfill leachates and is most effective for color removal
(Kang and Hwang, 2000; Manu and Chaudhari, 2002; Monje-Ramirez and
Velásquez, 2004; Silva et al., 2004). The different types of coagulation pro-
cesses include classical chemical coagulation using salts of iron and alu-
minum, electrocoagulation, and biocoagulation. Four major types of chemical
coagulants are aluminum (III) sulfate (alum), ferric (III) chloride, ferrous (II)
sulfate, and ferric (III) sulfate. Studies have shown that ferric (III) sulfate has
the highest coagulation efficiency followed by aluminum (III) sulfate and fer-
ric (III) chloride (Comstock et al., 2010). Tatsi et al. (2003) worked with three
conventional coagulants, viz, ferric chloride, aluminum sulfate, and lime and
four commercial polyelectrolytes among which one was anionic, two was
cationic, and another was nonionic polymer. He found that although ferric
chloride removed 80% COD from partially stabilized leachate, the removal
decreased below 35% when coagulants were added to raw leachate.
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FIGURE 11. Schematic diagram of lab-scale column study, adapted from Halim et al (2010b).

Zouboulis et al. (2004) experimented with bioflocculants produced by
the bacterium Rhizomonas sp. The application of bioflocculant was efficient
for the removal of HAs from synthetic solutions and reducing COD content
from real landfill leachates. More than 85% HA removal was observed at
20 mg L−1 bioflocculant dose and at pH 7–7.5.

Electrocoagulation is a simple and efficient electrochemical method used
for the purification of many types of water and wastewaters and is able to
remove large variety of pollutants (Adhoum and Monser, 2004; Alinsafi et al.,
2005; Bayramoglu et al., 2006; Can et al., 2006; Daneshvar et al., 2006; Kobya
et al., 2006; Ilhan et al., 2008; Li et al., 2011a). In electrocoagulation, electric
current destabilizes the suspended, emulsified, or dissolved contaminants
in the wastewater (Emamjomeh and Sivakumar, 2009). Mariam and Nghiem
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(2010) achieved about 67% TOC and 80% turbidity removals by the elec-
trocoagulation while the removal percent by chemical coagulation was only
10% TOC and 65% turbidity. The treatment of leachate is easier due to their
high conductivity and chloride content (Labanowski et al., 2010). Several ma-
terials have been used as anode such as Pt, TiO2, SnO2, Al, and Fe. Among
them, Al and Fe are most frequently used (Top et al., 2011). The COD re-
moval for Fe and Al electrodes were 35% and 56%, respectively, in 30 min
contact time as discussed in Table 11. Fe electrodes transfer higher num-
bers of Fe ions into solution leading to higher rate of electrode dissolution,
formation of more sludge with less COD removal. Since, the costs of both
Al and Fe electrodes are comparable, Al electrodes will be a better choice
due to its higher efficiency (Ilhan et al., 2008). However, Bouhezila et al.
(2011) estimated a higher operational cost for Al electrode, thus preferring
Fe electrode material.

Coagulation is also used as a pretreatment and posttreatment technique
for membrane filtration to achieve higher removal efficiency (Mariam and
Nghiem, 2010; Theepharaksapan et al., 2011; Top et al., 2011). Vedrenne
et al. (2012) used chemical coagulation–flocculation with ferric (III) chloride
in conjunction with photo-Fenton oxidation and was successful in removing
about 56% of COD, 95% TC, 64% NH4 –N, 46% As, 9% Hg, and 85% Pb from
an aged leachate sample.

Dissolved air flotation (DAF) technique is used in conjugation with vari-
ous coagulation–flocculation techniques to separate the flocculated particles
from the wastewater, by bringing the particles to the surface of the liquid.
DAF is also helpful in reduction of BOD5, COD, and turbidity (Al-Shamrani
et al., 2002a, 2002b; Palaniandy et al., 2010). Studies show that separation
by flotation presents some advantages compared to separation by settling
(Pouet and Grasmick, 1995). Adlan et al. (2011) combined chemical coag-
ulation by ferric (III) chloride and DAF for the treatment of semiaerobic
leachate.

5.3.4. ELECTROCHEMICAL TREATMENT

Stabilized or methanogenic leachates are alkaline and have less than 1%
of biodegradable organic matter as evident by BOD/COD value of 0.004,
making electrochemical treatment techniques more feasible (Tauchert et al.,
2006). According to a number of researchers, electrochemical oxidation of
leachate is superior to light-enhanced oxidation, Fenton treatment, combined
UV and O3/H2O2, ultrasound, and other physicochemical processes since it
can efficiently reduce concentrations of organic contaminants, ammonia, and
color in leachate (Ince, 1998; Gonze et al., 2003). Pretreatment techniques,
anode materials, pH, current density, chloride concentration, and additional
electrolytes significantly influence the performance of electrochemical oxi-
dation. During electrooxidation treatment of leachate, COD reduction can
range from 70% up to >90% and the achieved NH3–N removal efficiency
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TABLE 11. Application of chemical and electrical coagulation techniques for leachate treatments

Technology
Materials

used Scope Efficiency Country Advantage Disadvantage Selected references

Chemical
coagulation

Ferric
chloride
(FeCl3)

Color
Turbidity
SS
COD

92%
95%
94%
51%

Malaysia Effective color
removal

Excessive chemical
coagulant
addition for
treatment will
result in adverse
effect on the
receiving
environment

Aziz et al. (2007)

Ferric
chloride
(FeCl3)

Di-(2-
ethylhexyl)
phthalate
(DEHP)
Di-butyl
phthalate (DBP)
Bisphenol A

100%
99.6%
98%

Thailand The treatment
helped to
reduce
biotoxicity of
leachate to
nonmortality
Degree of DNA
damage was
similar to
nonexposure
level

The chemical
coagulation had
to be followed by
sand filtration and
Reverse Osmosis
to achieve the
standards

Theepharaksapan
et al. (2011)

Electrocoagulation Al electrode Sulfate
COD

67%
56% (after

30 min
treatment)

Turkey Effective sulfate
removal is
accomplished

High operational
cost due to
electrical current
requirement.

Ilhan et al. (2008)

Fe electrode Sulfate
COD

65%
35% (after

30 min
treatment)

(Continued on next page)
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TABLE 11. Application of chemical and electrical coagulation techniques for leachate treatments (Continued)

Technology
Materials

used Scope Efficiency Country Advantage Disadvantage Selected references

Al electrode COD
Color
Phosphorous

45% (after
30 min

treatment)
60% (after

30 min
treatment)

91.8 % (after
30 min

treatment)

Turkey Effective for
treatment of
nanofiltration
concentrate

High operational
cost due to
current
requirement.

Top et al. (2011)

Al electrode COD
TN
Color
Turbidity

70%
24%
56%
60%

Algeria — Higher operating
cost

Bouhezila et al.
(2011)

Fe electrode COD
TN
Color
Turbidity

68%
15%
28%
16%

Energetically
more efficient

—
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FIGURE 12. Pollutant removal pathways in electrochemical oxidation, adapted from Deng
and Englehardt (2007).

is almost 100%, under optimum conditions (Chiang et al., 2001; Ihara et al.,
2004).

According to Feng et al. (2003) direct oxidation of organic matter at
the anode surface is also possible. Several anode materials have been used
for electrocoagulation, such as boron-doped diamond binary Ru–Ti oxide-
coated titanium anode also called the dimensional stable anode (DSA) ;
Ti/SnO2 and Ti/PbO2 ; Ti/Pt, graphite, and PbO2; and Sn–Pd–Ru oxide-
coated titanium (SPR), graphite, and DSA (Chiang et al., 1995; Cossu et al.,
1998; Feng et al., 2003; Moraes and Bertazzoli, 2005; Tauchert et al., 2006;
Cabeza et al., 2007b; Feki et al., 2009; Pérez et al., 2010; Anglada et al., 2011).

During the electrolysis, the pollutants are degraded either by direct or
indirect oxidation processes as shown in Figure 12 (Szpyrkowicz et al., 2001;
Chen, 2004; Deng and Englehardt, 2007). Deng and Englehardt (2007) found
that NH4–N removal is higher than COD removal, indicating the dominance
of indirect oxidation during electrolysis reaction. The hypochlorite ion or
hypochlorous acid generated during electrochemical oxidation is the main
oxidizing agent:

2Cl− → Cl2+2e− (30)

2Cl−+H2O → HClO + H++Cl− (31)

HClO → H++ClO− (32)

The chlorine and hypochlorite oxidize NH4
+ and are reduced to chloride

ions in the process as given in Eq. (33) (Chen, 2004; Cabeza et al., 2007a):

2NH+
4 +HClO → N2+2H2O + 6H++2Cl− (33)
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Schoeman et al. (2005) experimented with electrodialysis to desali-
nate/concentrate the leachate to effectively reduce the volume pollution con-
trol. However, there are two basic drawbacks of electrooxidation, viz, high
energy consumption and possible formation of chlorinated organics (Deng
and Englehardt, 2007). For treating old stabilized landfill leachate, Orescanin
et al. (2012) pretreated extremely low biodegradable leachate with ozone,
followed by simultaneous ozonation and electrooxidation and it was finally
subjected to microwave treatment. The removal percentages obtained were
98.43% color, 99.48% turbidity, 98.96% SS, 98.80% ammonia, 94.17% COD,
and 98.56% iron. However, this process uses complex treatment schedule,
high energy, and much resource. Application of electrochemical techniques
for leachate treatment has been shown in Table 12.

5.3.5. FILTRATION AND MEMBRANE BIOREACTORS

In recent years advance treatment techniques like membrane filtrations which
were originally used for of drinking water purification are being applied for
leachate treatment. Nanofiltration, ultrafiltration, and reverse osmosis are the
major membrane filtration techniques that are applied for leachate treatment.
Among them, reverse osmosis is considered to be the most promising treat-
ment technique available in recent years due to its high removal pollutant
efficiency (Ushikoshi et al., 2002; Jenkins et al., 2003; Chan et al., 2007; Renou
et al., 2008a, 2008b). However, lecahte treatment by involves high pretreat-
ment and posttreatment cost and frequent membrane fouling also affects its
performance (Trebouet et al., 2001). It was found that membrane fouling is
increased if the HA concentration in the leachate increases (Šı́r et al., 2012).
Frequent membrane fouling in reverse osmosis can be overcome by the ap-
plication of vibratory shear-enhanced processing reverse osmosis (VSEPRO)
system for treating stabilized leachate. Leachate containing recalcitrant or-
ganics can be effectively treated in a VSEPRO system due to the shearing
force (Chan et al., 2007).

Nanofiltration exhibits treatment characteristics between reverse osmosis
and ultrafiltration (Zouboulis and Petala, 2008). Studies have shown that
nanofiltration is highly efficient in removal of metals like K+ and Na+ and
boron from landfill leachate (Dydo et al., 2005; Ortega et al., 2007). Zouboulis
and Petala (2008) found that the application of vibratory shear enhanced unit
(VSEP) on nanofiltration membranes enhanced the treatment efficiency of
raw stabilized leachate. The HA removal efficiency was about 97%. The VSEP
unit also prevented membrane fouling by creating shear waves (Zouboulis
and Petala, 2008). Xu et al. (2006) found that HS in mature leachate from
inorganic components could be effectively removed by ultrafiltration.

The addition of successive membrane operations to biological treat-
ments offered new advantage in the field of landfill leachate treatment
(Bodzek et al., 2006) and the combination is called membrane bioreac-
tors (MBR) (Tarnacki et al., 2005). A MBR thus combines the goodness of
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TABLE 12. Application of electrochemical techniques for leachate treatment

Materials used Scope Efficiency Country Advantage Disadvantage Selected references

Dimensional
stable anode
(DSA)

Color
COD

90%
60%

Brazil The overall process
is effective for
treatment of
recalcitrant
leachates

High operational cost
Photoelectrochemical
process can be
improved by previous
clarification process to
reduce color since, dark
color of leachate has
negative impact on
photochemical reaction

Tauchert et al. (2006)

Oxide-coated
titanium
anode

COD
TOC
Color
NH4–N
BOD

73%
57%
86%
49%
71%

Brazil Effective for
treatment of low
biodegradability
leachates

High operational costs Moraes and Bertazzoli (2005)

Ti/IrO2–RuO2 COD
TC

90%
65%

Stabilized
leachate
obtained
from
lab-scale
bioreactor
landfill
used

Effective for
treatment of
stabilized
leachate

High electricity
consumption for
90%COD removal,
removal decreases to
75% even after the
addition of NaCl for the
decrease of resistance

Turro et al. (2012)
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a biological reactor and membrane filtration system. The presence of the
membrane allows for long sludge retention time with high organic loading
rate and low hydraulic retention time. According to Robinson (2007) landfill
leachate treatment can be highly challenging for MBRs as high chloride con-
tent of the leachate may corrode the membrane system. However, Ahmed
and Lan (2012) reported that excellent organics (BOD) and ammonia re-
moval capacity up to 90% or more can be achieved by MBRs even when
dealing with mature or stabilized landfill leachate. In recent years much
attention has been given to MBRs for landfill leachate treatments owing to
their efficiency and small footprint (Ahn et al., 2002; Setiadi and Fairus, 2003;
Alvarez-Vazquez et al., 2004; Vasel et al., 2004; Chaturapruek et al., 2005;
Robinson, 2005; Melin et al., 2006). Various authors have worked with MBRs
obtaining high removal efficiency as cited in Table 13.

6. SUMMARY AND DISCUSSION

Landfill leachate is extremely toxic due to high concentration of recalci-
trant organics and ammonia nitrogen along with variable quantities of other
phosphorus, chlorides, calcium, magnesium, sulfate, dissolved solids, HMs,
BTEX, and other xenobiotic compounds. In view of the grave impact of land-
fill leachate on environment, the regulatory authorities have been forced to
fix increasingly stringent discharge water standards. In developed countries,
directives regarding prevention of leachate seepage into groundwater and
soil, collection, treatment, and its disposal exist to some extent. A discus-
sion is provided in Table 3 regarding the maximum limit of contaminants
in treated leachate prior to its disposal into the surrounding environment.
However, due to extreme variation of leachate composition and operating
conditions in different landfills, no guideline or standard operating proce-
dures for leachate treatment and disposal can be effectively chalked out.
While most of the old landfills do not contain adequate pollution contain-
ment mechanisms, these safety considerations are being integrated into the
new landfills during the design phase. So management of old and new land-
fills and their troubleshooting should follow different approaches which have
been shown in Figure 13.

1. Leachate plumes have a widely varying characteristic and composition.
Both vertical and horizontal gradient in redox potential and contaminant
concentration dictates the transformation of nitrogenous, sulfurous, car-
bonaceous, and HM species along the leachate plume. While ammonium
compounds undergo aerobic nitrification, nitrate reduction, anoxic denitri-
fication, and anaerobic ammonium oxidation processes to form harmless
nitrogen gas under fluctuating redox conditions, the sulfate reduction de-
pends on available organic electron donors and sulfate electron acceptors.
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TABLE 13. Leachate treatment by membrane filtration

Technology Scope Efficiency Country Advantage Disadvantage
Selected

references

Nanofiltration Al3+

Ca2+

Mg2+

Mn2+

84–100% Canada Nanofiltration
can be run at
lower pressure
as compared
to reverse
osmosis
Has lower
operating cost

High capital cost
and frequent
membrane
fouling

Ortega et al.
(2007)

Nanofiltration
with vibration
shear
enhanced
filtration

COD
Humic
Acid

60% 97% Greece System was able
to handle large
fluctuations in
leachate
composition

The desired
effluent
standards
were achieved
only when
applied in
combination
with
microfiltration
or
ultrafiltration

Zouboulis and
Petala (2008)

Reverse osmosis
with vibration
shear
enhanced
filtration

COD
NH3–N

96% 98% Hong Kong The vibratory
shear
enhanced
reverse
osmosis could
handle large
variation in
leachate
composition

Limited
membrane
fouling

High capital and
maintenance
cost

Chan et al.
(2007)

(Continued on next page)
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TABLE 13. Leachate treatment by membrane filtration (Continued)

Technology Scope Efficiency Country Advantage Disadvantage
Selected
references

Combined UASB
reactor and
RO treatment

COD
(UASB reactor)
COD
BOD
Chloride
NH4–N

76%

95.4%
90.2%
85.4%
88.7%

Poland Suitable for
concentrated
leachate

Production of
biogas

Low sludge
production
Low operating
cost

The startup of
UASB reactor
is difficult due
to low
biodegradabil-
ity of leachate
and presence
of toxic
compound

Bohdziewicz
and Kwarciak,
(2008)

Aerobic
thermophilic
membrane
bioreactor

COD
BOD
NH3–N

79% 97–99% 60% Thailand Thermophilic
system is
highly suitable
for COD and
BOD removal
especially at
elevated
organic
loading

The system is
unable to treat
high nitrogen
content
wastewater

High operation
and capital
cost

Visvanathan
et al. (2007)

Membrane
sequencing
batch reactor

COD TN Phosphate <60%
88%
35–5%

Greece A high
nitrification
and
denitrification
was achieved
resulting in
negligible
ammonia
nitrogen
concentration
and low
nitrate
nitrogen
concentration

High capital and
operating cost
determined by
the cost of the
membrane

Very low COD
removal due
to high solids
retention time
(SRT)
Frequent
membrane
fouling

Tsilogeorgis
et al. (2008)
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Composite PNR
and anammox
reactor

NH4–N TN COD 97% 87% 89% China Compared to the
conventional
biological
treatment
technologies,
the composite
PNR and
anammox
reactor
promising
technical and
economic
advantages as
it involves less
oxygen
consumption,
no organic
source
addition, and
low sludge
production

— Liang and Liu
(2008); Liang
and Liu (2008)
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FIGURE 13. Management approaches toward old and new landfills.

Carbonaceous compounds or organics in the leachate plume is reflected
by the COD which keeps on decreasing over age of the landfill due to
natural anaerobic methane oxidation and natural attenuation. The HMs
are found to undergo very less mobilization as they became stabilized by
complexing with DOM, HA, and FA.

2. The leachate plume migration can be monitored by using a large number
of techniques and methods. The monitoring techniques are site specific
and each landfill site should be carefully studied before the application of
any specific monitoring technique. Construction of monitoring wells or in-
sertion of hollow-stem augers are very common and essential for sampling
purposes and for inserting various probes and electrodes for geochemical
and electrical monitoring techniques. Hydrogeological equipment such as
piezometers and various samplers are historically the most used instru-
ments. Isotope mapping and electrical monitoring such as tomography,
ERI, VLF-EM, electrode grid, etc., are comparatively new, but very conve-
nient field techniques. The electromagnetic methods such as GPR, RCPT,
and TDR can be performed without monitoring wells and permanent
facilities. Sometimes, two or more of these techniques can be used to
complement each other and obtain a clearer picture regarding leachate
plume migration. Bacteriological monitoring can also point out the fringe
of the leachate plume by distinct degradation potentials inside and outside
of leachate plume. The suitability of these different monitoring methods
will vary from site to site depending upon groundwater flow, soil poros-
ity, pore water content, electrical conductivity of soil matrix, soil texture,
and logistic issues.

3. Landfill leachates pose significant risk toward the soil and groundwa-
ter environment. It is well-established fact that small amount of leachate
can pollute a large volume of groundwater once it infiltrates an aquifer
by changing its pH and Eh and introducing toxic chemicals. Soil tex-
ture, porosity, permeability, and hydraulic retention time (HTR) changes
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mostly due to bioclogging from biomass and biofilm produced by mi-
crobes, gas pocket formation, and metal precipitation. Additionally, water
bodies present near landfills may experience higher organic load, inor-
ganic nitrogen content, and HM concentration.

4. In order to assess the extent of impact of landfill leachate on environment,
both qualitative and quantitative methods are available. However, none of
them guarantees an exact assessment of the actual scenario due to extreme
complexity of the leachate plume and soil environment. Relative hazard
assessment systems rank a number of landfills by a comparative rating
system to prioritize the treatment efforts. Around 22 hazard-rating systems
have been cited in Section 4.2 and four systems have been discussed in
details, viz, LPI, E–LI, hazard rating by Singh et al. (2009), and a toxicity
index. All of them stress upon different factors. While some concentrates
on the environment as a whole, some other specializes on the toxic effect
of leachate on human beings. Necessity would decide which hazard-
rating system is to be used. However, the subjectivity associated with the
scoring system of these hazard-rating systems is their main drawback. In
most of the systems, site ranking is based either on the combined score
for various routes under migration mode or the score for the dominant
route, i.e., the route returning highest score.

5. Numerous mathematical models that have been developed for different
issues related to risk assessment of landfill leachate are completely depen-
dent on the data input. The results can be misleading if any input is wrong
and the complex chemical and biochemical processes undergoing in the
landfill is predicted wrongly. In this article, we have reviewed few math-
ematical models for assessing permittivity reduction of soil, degradation
of leachate pollutants, long-term fate of leachate components, reliability
of groundwater monitoring systems, and also software used for modeling
purpose. The use of software is supposed to be a very good option. How-
ever, in spite of presence of a number of software in the market, none
is exactly suitable for leachate plume modeling and a lots of adjustment
is required to work with these generic software. These stochastic mod-
els should be used for guesswork in case the leachate composition and
biogeochemical and bacteriological processes are fully understood. Oth-
erwise, the management decisions taken based on the wrong predictions
may cost dear.

6. Leachate control systems may include installation of geosynthetic or other
liners at the bottom of the landfill and leachate collection systems. Treat-
ment of leachate prior to discharge to surface water is also an integral
part of that system (Damgaard et al., 2011). According to the Department
of Environment Food and Rural Affairs (UK) landfills both hazardous and
nonhazardous should have a bottom liner in addition to the geological
barrier (DEFRA, 2009). The danger of leachate infiltration in groundwater
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is great considering that even the best liner and leachate collection sys-
tems will ultimately fail due to natural deterioration. Nooten et al. (2008)
proposed a semipassive treatment of leachate during postclosure remedi-
ation of old landfills, thereby replacing conventional energy consuming
wastewater treatment systems. The system can also be installed along the
gradient of leaking landfills for mitigation of contaminated groundwater
plumes. In another novel approach Ziyang et al. (2011) proposed the
introduction of functional layers embedded in landfill so that leachate
strength may be reduced source, thereby reducing the cost of leachate
treatment. Leachate treatment techniques differ depending on the nature
and age of leachate. Biological treatments are most suitable for treatment
of young leachate while physicochemical treatments like membrane filtra-
tion, electrochemical, and advanced oxidation treatments are suitable for
stabilized acidogenic leachate. Membrane filtration in combination with
biological treatment was found to be extremely effective. However, in-
stallation of membrane treatment facilities is much expensive than other
treatment techniques. The treatment costs of landfill leachate will vary
depending on its capacity and the composition of waste it has to deal
with. Other factors that will contribute toward determining the treatment
cost include the technology employed, the local condition of the site, and
the disposal standards it has to comply with. The total treatment cost will
take into account the construction as well as operational and maintenance
costs. While the construction cost usually depends on the capacity of the
landfill and target quality of the effluent, the operation and maintenance
cost will cover manpower, energy, chemicals, and maintenance over its
lifetime and even after its closure.
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Abstract More and more stringent requirements for

pollution control and the implementation of the new

discharge standard for landfill leachate make the

development and application of landfill leachate treat-

ment a research focus. The aim of the review is to

determine appropriate technique for effective treatment

of landfill leachate. In the paper, various leachate

treatment technologies are presented and summarized,

the key control parameters and some main problems are

discussed from a technological point of view. It is

proposed that the improvement of existing technical

and the development and industrial application of a new

treatment for landfill leachate are necessary. The

development and application of integrated leachate

treatment process of different physical, biological and

chemical technologies could be a suitable option to

reduce the contamination levels of leachate. Particu-

larly, advanced oxidation technologies and an efficient

integration between physical–chemical processes and

biochemical processes are indicated as a significant

research direction of new technology development.

Keywords Landfill leachate � Chemical and

physical methods � Biological methods � Combined

leachate treatment � Advanced oxidation processes

(AOPs)

1 Introduction: landfill leachate and its

composition

Landfill is one of the most widely employed methods

for the disposal of municipal solid waste (MSW)
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(Lema et al. 1988; Renou et al. 2008). Up to 95 % total

MSW collected worldwide is disposed of in landfills

(EL-Fadel et al. 1997). In developed countries such as

the USA over 50 % MSW is landfilled annually (Deng

2009). In contrast, according to a United Nations

waste management report in 2006, the Flemish region

of Belgium landfilled 15 % of industrial waste which

is approximately 3 million tones. As of 2006, there

were 324 active landfills in China for the disposal of

the MSW generated and about 43 % of the MSW was

landfilled (Xu 2008). The preference of landfilling in

many countries over other waste disposal methods

such as incineration is because it is argued to be more

economical. Moreover, methods such as incineration

produce 10–20 % residues which must be landfilled

(Abbas et al. 2009). In recent decades, landfills are

further overused due to the disposal of municipal

biosolids which contain a variety of chemicals among

them fluorochemicals, pharmaceuticals, personal care

products and pesticides (Huset et al. 2011).

One important aspect of landfills is the treatment of

the leachate which is always produced in different

volumes and for different reasons in the landfill sites

(Alkalay et al. 1998). According to Abdoli et al.

(2012), the leachate is high-strength waste water

generated when waste moisture and rain water perco-

late through the landfill. After a landfill site is closed, a

landfill will continue to produce contaminated leach-

ate and this process could last for 30–50 years (Ngo

et al. 2008). Paxeus (2000) analysed different landfill

leachates and found that the leachate contains more

than 200 individual organic compounds and classes of

compounds with concentrations ranging from less than

one to several hundred lg/L. Some compounds may be

toxic to life or simply alter the ecology of receiving

streams. According to the survey of the United States

Environmental Protection Agency (USEPA), approx-

imately 75 % of landfills in the USA are polluting

groundwater (USEPA 2004). The cases of water

polluted by landfill leachate have also been found

globally, especially in European countries, Australia

and China (Ngo et al. 2008).

The leachate therefore is defined as hazardous and

heavily polluted wastewaters (if not collected and

treated) (Amuda 2005; Hasar et al. 2009). Usually, the

best method of controlling the environmental pollu-

tion and health risks by leachate is treating the leachate

to remove the hazardous substances before it dis-

charges the water system (Ngo et al. 2008). However,

the leachate treatment constitutes nowadays one of the

major challenges, mainly due to the variability char-

acteristics of leachate composition and quantity (Tatsi

and Zouboulis 2002; Kulikowska and Klimiuk 2008),

reinforced by the presence of a complex mixture of

recalcitrant organic contaminants. These may include

humic and fulvic acids, phthalic esters, pesticides, and

many other (emerging) organic micropollutants (per-

fluorinated compounds-PFCs, pharmaceuticals and

personal care products, polyaromatic hydrocarbons-

PAHs), inorganic compounds (chloride, sulfate, bicar-

bonate and carbonate, sulfide species, alkali and

alkaline earth metals, iron and manganese), high

concentration of nitrogen compounds and heavy

metals (Silva et al. 2013). These characteristics are

influenced by factors such as age of landfill, waste type

and composition, precipitation (Li et al. 2010), site

hydrology, landfill design and operation, landfill

cover, waste compaction, and interaction of the

leachate with the environment (Umar et al. 2010a, b).

As the age of the landfill increases, stabilization of

waste occurs due to continuous degradation. Young

landfills contain large amounts of biodegradable

organic matter which is easily anaerobically fer-

mented into volatile fatty acids (Renou et al. 2008).

These fatty acids contribute to the characteristic low

pH of young leachate. Additionally, the highest BOD5

and COD are measured in the leachate during this

phase (Kjeldsen et al. 2002). As the landfill matures, it

enters the methanogenenic stage. Here, acids accu-

mulated during the anaerobic phase are converted to

carbon dioxide and methane by methanogenic bacteria

(Renou et al. 2008). This phase is characterized by old

leachate with low COD concentration and high

ammonium nitrogen and methane concentrations.

The BOD5/COD ratio also decreases as the amount

of carboxylic acid reduces and amount of recalcitrant

organic molecules increase (Kjeldsen et al. 2002).

Generally, three types of leachate can basically be

distinguished, depending on the landfill age (Table 1).

Climatic conditions are critical factors that deter-

mine leachate quantity, quality and thus must be taken

into account to allow efficient operation of leachate

treatment installations. Increase in precipitation e.g.

rainfall has been observed to increase leachate gener-

ated (Warith, 2002)) whereas reduced rainfall and

increased evaporation leads to low volumes of highly

concentrated leachate. For instance, Kawai et al. (2012)

reports average COD concentrations of 4,539 mg/L
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during the rainy season and 9,004 mg/L during the dry

season. Kim and Lee (2009) also reported a decrease in

BOD5 concentrations as a result of leachate dilution by

infiltrating leachate. For successful operation of an

anaerobic digester, the COD concentration of landfill

leachate should be at least 1,000 mg/L (Kawai et al.

2012). Therefore, reduction in rainfall infiltrating into

the landfill is important in maintaining proper nutrient

levels for efficient operation.

Landfill leachate treatment, especially in municipal

areas, has received significant attention. Additionally,

in the last 10 years, as a consequence of the special

attention paid to the environment by social, political

and legislative international authorities, the delivery

of very severe regulations have been implemented in

some countries (Table 2) (Dai et al. 2011). Therefore

treatment options are being introduced by some

landfill operators to minimise the pollution risk and

to comply with legislation. A rather fast evolution of

the research activities also devoted to leachate treat-

ment has been recorded including various physical/

chemical and biological techniques and co-treatment

Table 1 Classification of landfill leachate according to age, according to Abbas et al. (2009), Deng (2009) and Li et al. (2010)

Young Medium Old

Landfilling phase Aerobic and acidic Methanogenic

Age (year) \1 1–5 [5

pH \6.5 6.5–7.5 [7.5

CODd (g/L) [15 3–15 \3

BOD5
e/COD 0.5–1.0 0.1–0.5 \0.1

TOCf/COD \0.3 0.3–0.5 [0.5

NH4
?–N (mg/L) \400 400 [400

Kjeldahl nitrogen (g/L) 0.1–0.2 NA NA

Heavy metals (mg/L) [2 \2 \2

Organic compound

(dominant species)

80 % VFAa 5–30 % VFA ? HAb ? FAc HA ? FA

Molecular size distribution Over a broad range–high

fraction of low MW organics

NA Over a narrow range–high

fraction of high MW organics

Biodegradability Important Medium Low

NA Not available
a Volatile fatty acids
b Humic acids
c Fulvic acids
d Chemical oxygen demand
e Biological oxygen demand
f Total inorganic carbon

Table 2 Revised discharge limits from landfill leachate in

several countries, according to Dai et al. (2011)

Item (mg/L) Discharge limits

China America Germany France Korea

COD 100 NA 200 120 50

BOD5 30 NA 20 30 NA

NH4
?–N 25 NA 2 NA 150

Total

nitrogen

40 NA 70 30 NA

Total

phosphorus

3 NA 3 NA NA

Cd(II) 0.01 0.01 0.1 NA NA

Cr(III) – NA 0.5 NA NA

Cr(VI) 0.05 0.05 0.1 NA NA

Ni(II) – 0.013 1 NA NA

Pb(II) 0.1 0.03 0.5 NA NA

Cu(II) – 0.07 0.5 NA NA

Zn(II) – 0.3 2 NA NA

Ag(I) – 0.05 NA NA NA

NA Not available
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with municipal wastewater. These processes can

accomplish leachate treatment, but satisfactory treat-

ment of leachate is no easy task (Lin and Chang 2000).

Physicochemical methods, due to the operation costs

and secondary pollution, are mainly suitable for

pretreatment or post-treatment to complement the

biological treatment process (Kurniawan et al. 2006a).

The biological treatment—the most popular treatment

of landfill leachate in the past—is quite effective for

relatively younger leachate containing high BOD and

COD concentrations, but it is less efficient for the

treatment of older leachate (Ehrig and Stegmann

1992). High COD and ammonium content, high COD/

BOD ratio and also presence of toxic chemicals such

as heavy metal ions present unique difficulties in

biological treatment of older landfill leachate (Amok-

rane et al. 1997; Park et al. 2001; Deng and Englehardt

2007). Especially, new and emerging pollutants

groups are now detectable in leachate. Most of these

compounds are present at trace levels in the environ-

ment and was previously considered insignificant, but

are now being detected in environmental matrices and

have shown or suspected to show significant adverse

effects including harmful effects to the ecosystem and

to the food web (Stuart et al. 2012). For these reasons,

the application of innovative techniques to reduce the

economic and environmental impact of treating land-

fill leachate has to be considered.

Most landfill sites in developing countries and newly

industrialized countries such as China generally do not

have a proper leachate treatment system. If present,

varied treatment processes are used. The majority of

them are not properly designed to manage the quantity

and characteristics of the generated leachate (Visvana-

than et al. 2004). Therefore, nowadays, the objective of

leachate management should be to develop a highly

cost effective treatment system with low area require-

ment, simple to implement and maintain and to identify

the most significant factors affecting it. Generally, high

organic and ammonium loads, high contents of inor-

ganic salts are the key factors in leachate treatment

(Vives et al. 2007). Advanced leachate treatment must

be applied in order to solve these aspects of the

problem. Where it is not possible to solve the problem

holistically and obtain the satisfactory effluent quality

by applying any one unique technology, alternative

treatment methods have focused on combining tech-

nologies (Kargi and Pamukoglu 2003b). A combination

of physical, biological and chemical methods can be

employed for efficacious treatment of landfill leachate

and demonstrates that there are no technical barriers for

the treatment of landfill leachate for different discharge

standards (Robinson 1999; Kargi and Pamukoglu 2004;

Uygur and Kargi 2004).

This review presents a critical comparison of

various landfill leachate treatment processes which

can be classified as (1) biological methods (2) physical

and chemical methods, and (3) combination of phys-

ical–chemical and biological processes. It discusses

and summarizes the state-of-the-art of these technol-

ogies for landfill leachate treatment with a focus on

technological performance. Future work focusing on

the study of different promising treatment techniques,

especially combination of advanced oxidation pro-

cesses and biochemical processes was put forward.

2 Landfill leachate treatment

Current strict environmental legislations (e.g. the Euro-

pean Water Framework Directive) especially on ground

and surface water coupled with the need for water reuse

have necessitated the treatment of landfill leachate.

Complete or partial treatment can be done on-site where

the leachate is produced or at an off-site facility. Many

processes have been used for treatment of leachate,

either alone or in combinations. They are specifically

discussed in this section, and the different roles which

specific processes can play have been described under

each individual process heading. This technical over-

view presents a summary and comparison of the types of

leachate treatment activities in use, and the broad

categories of leachate for which they are appropriate.

2.1 Recycling

Leachate recycling is one of the least expensive

treatment techniques since a treatment plant is not

required. It involves controlling and promoting of

landfill biological, chemical and physical processes by

the addition of leachate into the landfill (Warith et al.

2005). Such a set-up is often referred to as bioreactor

landfill. A study by Benson et al. (2007) provides a

perspective on how leachate quality progresses with

leachate recycling. In their study, the BOD5/COD of

leachate varied between 0.5 and 0.7 at the onset of

recycling but declined to 0.1 after 4 years. Leachate

recycling also lead to a decrease in COD of leachate
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from 9,910 to\200 mg/L and decrease in BOD5 from

2,055 to \200 mg/L (Warith, 2002). In a lab scale

aerobic landfill bioreactor, up to 90.6 % COD and

99 % BOD5 removal efficiency was obtained how-

ever, this resulted into a low BOD5/COD ratio of 0.017

(Giannis et al. 2008).

Renou et al. (2008) reported that recycling increased

the moisture content in the landfill. Additionally,

recirculation of leachate at 30 % initial waste bed

volume led to a significant reduction in methane

production and measured COD. According to Diamad-

opoulos (1994), irrigation of leachate over wastes in the

landfill contributed to a significant reduction in COD

and BOD by 90 and 98 %, respectively. However, the

nitrogen concentration increased by 30 % probably due

to the continuous degradation of nitrogen containing

matter. Promotion of short leachate stabilization peri-

ods is also one of the benefits of recycling.

Frequent introduction of leachate into the landfill

leads to an increase in the moisture content of waste

above their field capacity. This results into ponding,

saturation and acidic conditions in the landfill. High

acidic conditions (pH \ 5) will further impair meth-

anogens; hence poor anaerobic degradation of wastes

(Renou et al. 2008). However, these setbacks can be

managed by reducing the frequency of recirculation

(Warith et al. 2005).

2.2 Combined treatment with municipal waste

water

Treatment of landfill leachate together with municipal

waste water has been reported to be an economical and

feasible solution because leachate contributes to the

nitrogenous fraction whereas the sewage contributes

the phosphorus needed (Del-Borghi et al. 2003; Abbas

et al. 2009). Majority of the European countries carry

out co-treatment of diluted leachate with the municipal

wastewater (Gierlich and Kollbach 1998). Del-Borghi

et al. (2003) also reported that a concentration

decrease of organic pollutants would be realized

through dilution and adaptability of the activated

sludge. However, this is refuted by studies which

reported that the organic pollutants and heavy metals

from leachate reduced treatment efficiency and

increased effluent concentrations (Renou et al.

2008). Del-Borghi et al. (2003) showed that COD

and ammonium from a mixture of landfill leachate and

municipal waste (in a ratio of 1/10) can be removed at

a rate of 126 and 51 mg/L h, respectively, using the

activated sludge method with previously acclimated

sludge at a hydraulic residence time of 4 h. Up to 92 %

COD and 75 % ammonium removal could be

achieved in a sequencing batch reactor (SBR) when

landfill leachate is sonicated before mixing with

municipal waste waters (Neczaj et al. 2007).

2.3 Biological leachate treatment

Many biological techniques currently in use in treat-

ment of landfill leachate are adaptations of waste water

treatment methods. Biological treatment processes are

very effective methods to reduce high strength biode-

gradable organics present in the leachate. Also from

younger leachate containing relatively high BOD and

COD concentrations, the COD may be removed by

biological treatment up to 50 %. However, for other

aged landfill leachate with rich nitrogen concentra-

tions and poor BOD5/COD ratios (\0.2), such systems

are less suitable except for nitrification/denitrification/

anammox process, which could be an alternative to

remove ammonium and degrade some organic matter

from leachate.

Based on the presence or absence of oxygen;

biological techniques can be classified as aerobic,

anaerobic or anoxic. According to Alkalay et al.

(1998), the decision to select aerobic or anaerobic

treatment can be done using the decision model of

Forgies (1988) for leachate treatment train selection.

Biological treatment methods such as anaerobic

techniques are preferred compared to physical–chem-

ical techniques because they are not only economical

but also energy recovery can be achieved (Kherad-

mand et al. 2010). However, it is important to note that

sole treatment of landfill leachate by biological

methods will not yield satisfactory results (Kargi and

Pamukoglu 2003a; Oller et al. 2011). This is because

frequent nutrient imbalances such as high ammonium

nitrogen, low phosphorus and carbon content in

landfill leachate make it difficult to maintain proper

biological treatment (Zhao et al. 2012). Furthermore,

recalcitrant substances such as humic acids, fulvic

acids and xenobiotic organic substances (XOC’s) are

not degraded during biological treatment. Therefore,

these bio-refractory compounds and XOC’s pass

through the biological treatment process consequently

increasing the organic level in the effluent (Zhao et al.

2012). For this reason, it is important that biological
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methods are used in combination with advanced

physical, chemical techniques as discussed above

(Kargi and Pamukoglu 2003a, b).

2.3.1 Aerobic biological treatment -Suspended

growth systems

2.3.1.1 Technological assessment Suspended grow-

th systems are biological treatment processes which

are based on the growth and maintenance of a

suspension of micro-organisms. Suspended growth

technologies which have been employed to treat

landfill leachate include aerated lagoons, activated

sludge, and sequence batch reactors.

Aerated lagoons are also known as stabilization

ponds. Their low operation, and low maintenance

costs make them the most popular method of waste

water treatment (Renou et al. 2008). Essentially, an

aerated lagoon is a 1–2 m deep basin dug in the ground

and designed to look like a natural lake. The upper part

of a lagoon is aerobic and oxidizes reduced com-

pounds from the lower anaerobic part.

Activated sludge systems consist of a completely

mixed aeration reactor where biodegradation takes place

and clarifiers where sludge is settled. Part of the sludge is

recycled whereas excess sludge together with clarified

water is discharged appropriately. These systems offer

more intensive treatment than aerated lagoons because

they operate with intensive aeration and large populations

of acclimatized bacteria (Sector guidance note 2007).

Inadequate sludge settling, the need for longer aeration

times, high energy requirements and inhibition of

microorganisms by high ammonium nitrogen concentra-

tions are some of the disadvantages that have shifted the

focus on activated sludge to other more robust technol-

ogies (Abbas et al. 2009; Renou et al. 2008).

Sequencing batch reactors (SBR’s) are systems

which allow aerobic biological treatment, equaliza-

tion, sludge settling and clarification to take place in

the same tank over a time sequence. This kind of

operation creates a treatment process which is robust

and less affected by frequent variation of organic load

or ammonium nitrogen (Laitinen et al. 2006). This

characteristic is important in landfill leachate treat-

ment as leachate properties are known to change over

time. Despite the good performance, and flexible

nature, the use of SBR’s is marred by problems such as

sludge bulking and poor clarification (Sector guidance

note 2007).

2.3.1.2 Application to landfill leachate Aerated

lagoons have been successfully used to treat landfill

leachate. Mehmood et al. (2009) reported overall COD

and ammonium removal of 75 and 99 %, respectively,

at a hydraulic retention time (HRT) of 50 days.

Fernandes et al. (2012) observed a chemical oxygen

demand (COD) and ammonium removal of 56 and

82 % when three sequential ponds were used. The low

removal of COD was attributed to the inhibition by

algae in one of the ponds. The COD removal

efficiency of 97 % at a HRT of 10 days was reported

by Robinson and Grantham (1988). The removal of

93 % ammonium nitrogen was obtained due to

adequate desludging. Though aerated lagoons exhibit

high COD and ammonium nitrogen removal

efficiencies in the treatment of landfill leachate, the

COD and N effluent levels do not meet the required

discharge limits in some countries such as China

(NH4
?–N \ 25 mg/L; COD \200 mg/L). Hence,

recirculation is required (Mehmood et al. 2009;

Fernandes et al. 2012).

In experiments involving aerobic post treatment of

anaerobically treated landfill leachate, Kettunen et al.

(1996) reported 75 % removal of the remaining COD in

an activated sludge system. This contributed to 15–30 %

of the overall COD removal in the whole process.

The performance of SBR’s was illustrated by

Neczaj et al. (2005) who reported 85 % COD removal

when influent consisted of 10 % leachate and 90 %

synthetic water (v/v). The average quality of munici-

pal landfill leachate was reduced from about 2,200 to

500 mg COD/L after treatment by a SBR in the study

of Laitinen et al. (2006). Uygur and Kargi (2004)

showed that SBR treatment of leachate resulted in

62 % COD and 31 % ammonium nitrogen removal

when a five step operation was used. Further COD

removals were achieved when powdered activated

carbon was added.

2.3.2 Aerobic biological treatment: attached growth

systems

2.3.2.1 Technological assessment Attached growth

systems, also known as fixed film systems, are

biological treatment technologies where bacteria

attach themselves on supporting material such as

plastic, gravel, rotor blades. These technologies

include trickling filters, rotating biological contactors

and moving bed biofilm reactors. Attached growth
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systems offer special advantage such as

immobilization of active biomass, nitrification at low

temperatures (Renou et al. 2008) and high nutrient

removal (Table 3). Nitrification–denitrification

processes can occur at the same time on both the

outside and inside parts of a biofilm.

Constructed wetlands are also referred to as reed bed

systems due to the extensive use of macrophytes. The

treatment mechanisms in wetlands are complex (Sector

guidance note 2007). Nevertheless, wetlands can reduce

organic load of leachate, oxidize ammonium nitrogen,

and remove suspended solids. Often, these systems are

used in the polishing of previously treated waste waters

(EPA 1999). Wetlands can be vegetated or free flow

systems with free floating macrophytes such as duck-

weed; emergent aquatic plants such as bulrush or

submerged aquatic plants such as pondweed.

2.3.2.2 Application to landfill leachate Table 3

shows a summary of the performance of some

attached growth systems for landfill leachate

treatment. From this table, it can be seen that is

possible to reach 68–90 % ammonia reduction and

52–96 % COD reduction by attached growth systems.

Trickling filters are not generally used for treatment

when the leachate contains high concentrations of

organic matter because of large volume sludge

production causing clogging of the filters. Biofilters

remain an interesting and attractive option for

nitrification due to low-cost filter media and above

90 % nitrification of leachate was achieved in biofilters

and laboratory scale in situ denitrification (Jokela et al.

2002). Renou et al. (2008) showed that depending on the

HRT a COD removal between 20 % and 75 % can be

achievedwith the Moving-Bed Biofilm Reactor process

(MBBR). Welander et al. (1998) reported nearly 90 %

nitrogen removal while the COD was around 20 %. It is

important while treating landfill leachate to reduce

biomass susceptibility to toxicity and variations in the

environmental conditions because that means no

inhibition of nitrification is encountered. In fact, with

high nitrogen content there might be a risk of substrate as

well as product inhibition during nitrification (Horan

et al. 1997; Visvanathan et al. 2004).

2.3.3 Anammox (Anaerobic Ammonium Oxidation)

processes

2.3.3.1 Technological assessment Anammox (anaer-

obic ammonium oxidation), an autotrophic nitrogen

removal method, uses ammonium as electron donor

and nitrite as electron acceptor to accomplish nitrogen

removal (Strous et al. 1998; Van Hulle et al. 2010).

The Anammox process should always be combined

Table 3 Typical performance of attached growth biological treatment systems

Reactor type Operating conditions Leachate

characteristic

(mg/L)

Performance

(% removal)

Reference

Temp

(�C)

HRTa

(days)

Loading rate

Trickling filters 20 NA 1,930 COD 69 COD Gourdon et al. (1989)

Upflow biofilter 25 1.4–3.8 2.3 mgN/L.d 60–170 NH4
?–N [68 % NH4

?–N Jokela et al. (2002)

Downflow biofilter 25 5.1–7.3 100–125 mgNH4
?/L day 60–170 NH4

?–N [90 NH4
?–N Jokela et al. (2002)

Suspended carrier

film biofilter

25 1.6 100 mgNH4
?/L day 60–170 NH4

?–N [90 NH4
?–N Jokela et al. (2002)

Rotating biological

contactors

NA 1 24.7 gCOD/m2 day 3,950–14,000 COD 52 COD Castillo et al. (2007)

Moving bed biofilm

reactor

21 1 NA 2,000–3,000 COD 75 COD Renou et al. (2008)

5–22 2–5 NA 800–1,300 COD 20–30 COD Renou et al. (2008)

Aged refuse biofilter 5 NA NA 5,478–10,842 COD 87.8–96.2 COD Li et al. (2009)

5 NA NA 955–1,821 BOD 94.7–97.3 BOD Li et al. (2009)

NA Not available
a Hydraulic residence time
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with a partial nitritation process, where half of the

ammonium is oxidized to nitrite. These two processes

can be combined in 1 reactor (1 step process) or in 2

separate reactors (2 step process). Both autotrophic

processes will increase the sustainability of

wastewater treatment as the need for carbon addition

(and concomitant increased sludge production) is

omitted and oxygen consumption and the emission

of nitrous oxide during oxidation of ammonia are

largely reduced. Especially since nitrous oxide has

become a significant factor in the greenhouse gas

footprint of the total water chain. This technology has

been developed to mainly treat ammonium rich

wastewaters, such as landfill leachate (Siegrist et al.

1998; Egli et al. 2001; Zhang and Zhou 2006; Liang

et al. 2009; Liu et al. 2010; Xu et al. 2010; Zhou and

Yao 2010; Wang et al. 2011; Mael 2012).

2.3.3.2 Application to landfill leachate The

application of the anammox process for treating

landfill leachate seems promising and is currently at

full-scale operation (Hippen et al. 2001; Denecke et al.

2007; Rekers et al. 2008). A few works report the

applications. Table 4 summarizes the main studies

about the leachate treatment in combined partial

nitritation-anammox either in one and two step

processes.

As it can be seen in Table 4, nitrogen removal by

anammox in nitrogen rich landfill leachate is the current

challenge. Important nitrogen losses could be detected,

in spite of the absence of available organic matter for

denitrification and further analysis revealed the pre-

sence of anammox bacteria. RBC is the main reactor

configuration used in landfill facilities for autotrophic

nitrogen removal. Most of these studies (Hippen et al.

1997; Siegrist et al. 1998; Egli et al. 2001; Schmid et al.

2003) were carried out in reactors designed for

nitrification–denitrification purposes and the perfor-

mance of anammox process in treating leachate would

not only depend on anammox bacteria but also on the

co-existence of other important bacteria. Further

research is necessary to find the optimal conditions

and start-up of new anammox reactors in view of rapid

and feasible application of the autotrophic nitrogen

removal in landfill sites (Beylier 2012).

2.3.4 Anaerobic biological treatment

2.3.4.1 Technological assessment Anaerobic treat-

ment is a biochemical process which takes place in the

absence of oxygen; it involves two phases: the acid

phase where facultative microorganisms convert

complex organic matter into organic acids. In the

second phase, obligate anaerobic organisms change

volatile organic acids to carbon dioxide and methane.

The methane formed can be harvested and used as a

source of energy in reactor heating (Kheradmand et al.

2010). The benefits of anaerobic treatment include its

Table 4 Main studies reporting anammox process for treatment of landfill leachate, according to Beylier (2012)

Reactor type Volume (m3) Ammonium

gNH4
?–N m-3

Nitrite

gNO2–N m-3
NLR

kgN m-3 day-1

BCa – 1,650 5.12 1.6(1)

RBCb 33 0.1–0.4 – 1.5–4(1)

RBC 40 349 – 5.8(1)

RBC 0.014 1,500(2) – 0.93

FBBRc 0.036 885 1,011 0.11

SBRd 0.003 1,442 – 0.96

SBR 384 634 – 0.50

(1) NLR expressed as g N m-3 day-1

(2) Total nitrogen (ammonium plus nitrite)
a Biological contactor
b Rotating biological contactor
c Fixed-bed biofilm reactor
d Seuencing batch reactor
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ability to treat high-strength organic effluents

(COD [ 10,000 mg/L) and reduced sludge

production (Abbas et al. 2009). Furthermore,

hydrogen sulphide produced by the reduction of

sulphates is a good precipitant for the toxic metals in

landfill leachate. The metal sulphides formed

accumulate in sludge as inert solids and sludge

disposal leads to their overall removal from landfill

leachate (Sector guidance note 2007).

Configurations can be either fixed film or sus-

pended growth systems. Though anaerobic systems

offer several benefits in leachate treatment, they also

have disadvantages. Anaerobic treatment offers low

removal or even increase in ammonium nitrogen

content (Liang and Liu 2008). For this reason, novel

techniques such as coupling of partial nitritation with

anammox have been developed to economically

reduce ammonium nitrogen in landfill leachate. After

anaerobic treatment, effluent is in a reduced state

containing high levels of dissolved amines, sulphides

and methane. Discharge of such an effluent to surface

waters will lead to severe loss of aquatic life.

Therefore, aerobic post treatment is required (Sector

guidance note 2007).

2.3.4.2 Application to landfill leachate Several

scientific reports have shown that anaerobic systems

can be used in landfill leachate treatment (Table 5).

These systems include Upflow anaerobic sludge

blanket (UASB) (Kettunen et al. 1996; Kawai et al.

2012), anaerobic sequencing batch reactor (AnSBR)

(Timur and Ozturk 1999; Kennedy and Lentz 2000),

Upflow anaerobic filter, anaerobic hybrid bed (Calli

et al. 2006), CSTR (completely stirred tank reactor),

and anaerobic digesters (Lin et al. 1999; Imen et al.

2009). Anaerobic lagooning of landfill leachate has

also been reported in warmer climates (Sector

guidance note 2007).

Up-flow Anaerobic Sludge Blanket (UASB) pro-

cess is a modern anaerobic treatment that can have high

treatment efficiency and a short hydraulic retention

time (Lin et al. 2000). At 24 �C, a COD removal of up

to 75 % was achieved with a 10 h HRT by Kettunen

et al. (1996). Further, a pilot-scale reactor was used to

study municipal landfill leachate treatment (COD

1.5–3.2 g L-1) at 13–23 �C by Kettunen and Rintala

(1998). The results showed that leachate can be treated

on-site UASB reactor at low temperature. COD

(65–75 %) and BOD (up to 95 %) removals were

achieved at organic loading rates of 2–4 kg m-3 -

day-1 of COD. Some studies revealed good perfor-

mances of anaerobic sequencing batch reactors. For

instance, COD reduction from sanitary landfill leach-

ate was carried out using lab-scale anaerobic sequenc-

ing batch reactors (ASBR) at 35 �C by Kennedy and

Lentz (2000) and the COD removal efficiencies of

64–85 % was reached, at varying hydraulic retention

times (HRT) (10–1.5 days) and influent wastewater

COD’s (3,800–15,900 mg L-1). Calli et al. (2006)

found that the anaerobic filter and hybrid bed reactor

were generally slightly more efficient and stable than

the UASB reactor. Henry et al. (1987) demonstrated

that anaerobic filter could reduce the COD by 90 %, at

loading rates varying from 1.26 to 1.45 kg m-3 day-1

of COD and this for different ages of landfill. And

Nedwell and Reynolds (1996) reported steady state

COD removal efficiencies of 81–97 % can be gained

under by hybrid bed reactor methanogenic digestion.

The drawback of a hybrid reactor, as well as anaerobic

filter, is the added cost of the support media.

Though these reactors have exhibited relatively

superior and stable performance for COD removal

compared to the other processes (Table 5), anaerobic

processes are difficult in management to control

longer SRT or HRT requiring larger volume reactors

(Visvanathan et al. 2004).

2.4 Individual physical/chemical treatment

techniques

Physical and chemical methods include air stripping,

precipitation/coagulation/flocculation, chemical oxi-

dation processes, activated carbon adsorption, mem-

brane processes (microfiltration, ultrafiltration,

nanofiltration and reverse osmosis), ion exchange,

electrochemical treatment and flotation. These tech-

niques are often applied for removing non-biodegrad-

able and undesirable compounds from the landfill

leachate. These pretreatment step are useful, espe-

cially for fresh leachate, prior to biological treatment,

or a post-treatment (purification) step for partially

stabilized leachate and when the biological oxidation

process is hampered by the presence of bio-refractory

materials. These methods are used along with the

biological methods to improve treatment efficiency or

make them possible, or to treat a specific pollutant

(e.g. stripping-ammonium removal) (Wiszniowski

et al. 2006; Renou et al. 2008).
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2.4.1 Flotation

This is a physical method which is used to reduce

floating matter such as colloids, oil and greasy

substances, and fibres. Using configurations such as

dissolved air flotation units, flotation can be used in the

harvesting of dissolved metals or micro-organisms

acclimatized to landfill leachate (Rubio et al. 2002).

Despite its potential in reducing the quality of landfill

leachate, few studies have been devoted to it.

Zouboulis et al. (2003) investigated the use of flotation

in column, as a post-treatment step for removing

residual humic acids (non-biodegradable compounds)

from synthetic landfill leachates. Under optimized

conditions, almost 60 % humic acids removal has

been reached. This flotation technique was used for

removing the humic acids from leachate based on the

theory of Froth flotation. Froth flotation is a highly

versatile method for physically separating particles

based on differences in the ability of air bubbles to

selectively adhere to specific mineral surfaces in water

slurry. The particles with attached air bubbles are then

carried to the surface and removed, while the particles

that remain completely wetted stay in the liquid phase.

Humic acids are the substances, which is soluble in

alkaline solutions, but precipitates in acid solution.

Therefore, in the study of Zouboulis et al. (2003),

flotation of humic acids was performed with N-cetyl-

N,N,N-trimethylammonium-bromide (CTAB) and

ethanol as a frother to remove high concentration of

humic acids from landfill leachates.

2.4.2 Air stripping

2.4.2.1 Technological assessment Air stripping,

involves passing a large volume of air through the

leachate, so to promote mass transfer of some

undesirable substances from the liquid passed to the

gas phase. Air stripping is used to remove methane,

ammonium and volatile organic compounds (VOCs)

in leachate.

Ammonium can be removed from leachate as a gas

by using air stripping, as an alternative to biological

nitrification. The efficiency of the process is increased

significantly by increasing values of pH or tempera-

ture. Typically, either pH values in excess of 10.0, or

temperatures in the order of 60–70 �C, are needed for

efficient ammonium removal (Sector guidance note

2007). Although ambient air is used and generally

cause a significant temperature drop (5–6 �C) in the

stripping tower, this can be solved by using part of the

incinerating heat which results from flaring the landfill

Table 5 Typical

performance of anaerobic

biological leachate

treatment systems

NA Not available
a Completely stirred tank

reactor
b Soluble COD

* Sample used is mixed

with septage at different

ratios

Reactor type HRT Influent COD

(mg/L)

% COD

removal

Reference

Upflow anaerobic sludge

blanket

10 h 1,300 ± 120 71 ± 3 Kettunen et al.

(1996)

34 h 1,600 ± 110 45 ± 5 Kettunen et al.

(1996)

1.3 ± 0.7 days 1,900 ± 52 52 ± 3 Kettunen and

Rintala (1998)

2–7 days 1,770 40 Kawai et al.

(2012)

Hybrid anaerobic reactor 35 h 780 ± 60 56 ± 3 Kettunen et al.

(1996)

CSTRa anaerobic

digester*

20 days 670–1,223

SCODb
81–86(SCOD) Lin et al. (1999)

10 days 992–1,555

SCOD

75–83(SCOD) Lin et al. (1999)

5.3 days 1,722–2,526

SCOD

68–76(SCOD) Lin et al. (1999)

Continuous stirred

anaerobic digester

NA 15,000 60 Imen et al. (2009)

Two stage anaerobic

digester

15 days 55,351 92 Kheradmand et al.

(2010)
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biogas. Due to its effectiveness, ammonium stripping

is often employed for the removal of ammonium from

landfill leachate (Diamadopoulos 1994; Cheung et al.

1997; Marttinen et al. 2002; Ozturk et al. 2003; Calli

et al. 2005). Further, also significant removal of

volatile organic components (VOC), often present in

landfill leachate, can be achieved during air stripping

as almost all VOCs have low boiling points (Lamarre

and Shearouse 1994).

However, this treatment presents some disadvan-

tages and limitations. A major concern about air

stripping is the control and destruction of exhaust air

(such as ammonia gas) from the stripping processes.

The off -gases released into the atmosphere cause

severe air pollution and may require treatment.

Another concern is calcium carbonate scaling of the

stripping tower, when lime is used for pH adjustment

and the foaming trouble which might require a large

stripping tower (Li et al. 1999).

Additionally, as illustrated by the studies cited in

Kurniawan et al. (2006a) the COD removal efficiency

of air stripping is limited. Therefore, further treatment

of effluent from this step is required to reduce the COD

load.

2.4.2.2 Application to landfill leachate To review

the efficiency of air stripping for landfill leachate,

Cheung et al. (1997) studied ammonium removal for

two different flow rates (1 L/min, 5 L/min) at 20 �C

and at pH 11. Results revealed that after 24 h-aeration,

81 and 90 % removal efficiencies could be obtained

for flow rates of 1 L/min and 5 L/min, respectively.

Collivignarelli et al. (1998) studied ammonium

removal from landfill leachate having 2,100 mg/L

ammonium. Experiments were carried out at 70 �C

and at pH 11 and the removal efficiency was 90 %. A

full-scale study on the treatment of leachate from the

Shanghai Laogang Solid Waste Disposal Facility, Ltd.

(China) using ammonium stripping was recently

carried out for the lowering of ammonium and total

nitrogen (Blauvelt et al. 2009). The results showed the

air stripping reduced ammonium by 8–15 %, total

nitrogen by 8–29 %, and COD by 42 %. By increasing

the treatment time and treatment volume, it was found

that 70–80 % of ammonium could be removed with a

daily treatment requirement of 1,000 m3/day of

leachate.

In Hong Kong, an air stripping system was installed

and applied as a pre-treatment option for landfill

leachate. The leachate flows ranged from 720 to

1,800 m3/day and the initial concentration of ammo-

nium was about 6,700 mg NH4
?–N/L. Using landfill

gas to raise leachate temperatures to 70 �C before

passage over the stripping tower, the air stripping

resulted in an effective removal of ammonium gas

([99.99 %). As such the ammonium concentration

could be reduced below 100 mg/L before subsequent

biological treatment in an SBR system (Sector guid-

ance note 2007).

2.4.3 Coagulation-flocculation

2.4.3.1 Technological assessment Coagulation- floc-

culation is a relatively simple and cost-effective

method to treat landfill leachate, e.g. for the

removal of heavy metals (Amokrane et al. 1997;

Silva et al. 2004; Maranon et al. 2008; Zheng et al.

2009). It may be employed successfully for the

treatment of older landfill leachate (Amokrane et al.

1997). However, only moderate (50–65 %) removal of

COD (or TOC) is reported. Further, excessive sludge

production, high cost of chemical dosing and sludge

disposal, dependence on pH and in certain cases,

increased aluminium and iron concentrations in the

resulting effluent hamper the individual use of

coagulation-flocculation in leachate treatment

(Trebouet et al. 2001). Coagulation-flocculation has

thus been investigated mainly as a pretreatment

method for young leachate or as a post-treatment

technique for the partially stabilized leachate (Tatsi

et al. 2003). Several studies have been reported on the

examination of the coagulation–flocculation process

for the treatment of landfill leachate, aiming at

performance optimization, i.e. selection of the most

appropriate coagulant, assessment of pH effect and

investigation of flocculant dose (Sletten et al. 1995;

Amokrane et al. 1997; Tatsi et al. 2003; Kargi and

Pamukoglu 2003a, b).

Aluminium sulphate (alum), ferrous sulphate, ferric

chloride and ferric chlorosulphate are commonly used

as coagulants. Iron salts seem more efficient than

aluminium ones, resulting in sufficient COD reduc-

tions (up to 56 %) (Amokrane et al. 1997), whereas the

corresponding values in case of alum or lime addition

were lower (39 or 18 %), respectively (Diamadopo-

ulos 1994). Additionally, high COD removal capac-

ities have been observed during the combined action

of alum and lime for the treatment of stabilized
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leachates (Loizidou et al. 1992). Furthermore, the

addition of flocculants together with the coagulants

may enhance the floc-settling rate (Amokrane et al.

1997).

2.4.3.2 Application to landfill leachate Kargi and

Pamukoglu (2003b) observed 60 % COD removal

when ferric chloride was used at an optimum dose of

6.1 mmol/L and pH 6.0. The coagulation with FeCl3
was also studied for removal of heavy metals from

stabilized leachate containing high concentrations of

organic and inorganic matter (Kurniawan et al.

2006a). The results reveal that heavy metal removal

occurs best at alkaline pH. Further, with an optimum

aluminium sulphate dose of 15 g/L and a pH value of

7.0, a maximum COD and colour removal of 34 and

66 %, respectively were observed by Mahmud et al.

(2012). Recalcitrant compounds such as humic acids

can also be removed by coagulation-flocculation.

Humic acid removal efficiencies of 80, 53, 70 %

were reported by Liu et al. (2012) when ferric chloride

6-hydrate, ferric sulphate 7-hydrate, and polyferric

sulphate were used, respectively. Since xenobiotic

organic substances (XOC’s) such as phthalic acid

esters can be sorbed to dissolved organic matter

(DOM), removal of DOM from leachate results into

overall removal of phthalic acid esters (Zhang and

Wang 2009).

The effect of a coagulation process with ferrous

sulfate as a coagulant on COD, apparent color and

turbidity was evaluated using a jar test method and a

response surface methodology (RSM) by Amir (2009)

for the pre-treatment of mature landfill leachate of the

Pulau Burung Sanitary Landfill, Malaysia. Amir

(2009) reported that ferrous sulfate was most efficient

under alkaline conditions (pH = 11.7) with a coagu-

lant dosage of 10 g/L. This resulted in a maximum of

22 % COD removal, 42 % apparent color removal and

31 % turbidity removal. It was observed that the COD,

apparent color and turbidity reductions decreased with

pH and FeSO4 concentration beyond the optimum

conditions. Ghafari et al. (2009) showed that at

optimum conditions of poly-aluminum chloride

(PAC) dosage of 2 g/L at pH 7.5 and alum dosage of

9.5 g/L at pH 7; the COD, turbidity, color and TSS

removal efficiencies of 43, 94, 90, and 92 % for PAC,

and 63, 88, 86, and 90 % for alum were reached. The

results indicated the COD removal was high using

alum whereas using PAC. In contrast, higher removal

efficiencies for turbidity, color and TSS were achieved

using PAC than those using alum.

Amokrane et al. (1997) demonstrated that 40 %

COD and 90 % heavy metal removal can be achieved

when lime is used as a coagulant. Kurniawan et al.

(2006a, b, c) reports a study on the removal of heavy

metals from landfill leachate. It was shown that 8 g/L

of lime could reduce the concentration of manganese

and iron by 77 and 78 %, respectively.

2.4.4 Chemical precipitation

2.4.4.1 Technological assessment Chemical precipi-

tation has been used for the removal of non-

biodegradable organic compounds, ammonium

and heavy metals from landfill leachate because of its

capability, the simplicity of the process and inexpensive

equipment employed (Li et al. 1999; Cecen and Gursoy

2000; Li and Zhao 2001; Ozturk et al. 2003; Calli et al.

2005). During chemical precipitation, dissolved ions in

the solution are converted to the insoluble

solid phase via chemical reactions (Kurniawan et al.

2006a). There are different optimum pH-values for

precipitation of different components (Kurniawan et al.

2006a). Chemical precipitation is a good technical

alternative to air stripping of ammonia which suffers

operational problems such as carbonate scaling.

Struvite (magnesium ammonium phosphate,

MAP)—precipitation is one of the methods used in

the removal of ammonium from landfill leachate. The

efficiency of struvite precipitation is controlled by pH,

the molar ratio of magnesium, ammonium and phos-

phate and the sequence with which the precipitation is

carried out (Kim et al. 2007). Though struvite

precipitation is an excellent method for ammonium

removal, the need for external sources of magnesium

and phosphate is its major limitation. This is because

landfill leachate is highly deficient in magnesium and

phosphorus. Furthermore, since the stochiometric

molar ratio of magnesium, ammonium and phosphate

i.e. 1:1:1 gives low removal efficiencies, optimization

of these three components is necessary to achieve

better removal efficiencies (Di Laconi et al. 2010).

Difficulties may also arise from specific need of the

removal of heavy metals in landfill leachate, reducing

the cost-effectiveness of the process (Sector guidance

note 2007).
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2.4.4.2 Application to landfill leachate Precipitation

of heavy metals in leachate using sulphides has been

proposed by Enzminger et al. (1987). The usage of

sulphides was seen to be advantageous due to their

ability to work over a broad pH range and their

extremely low solubility. However, the probability

that sulphide might end up in the effluent and

generation of hydrogen sulphide were major

drawbacks in sulphide use as a precipitant.

Recent developments have seen the use of struvite,

chemically known as magnesium ammonium phos-

phate (MAP), in chemical precipitation of ammonium

from landfill leachate. Li et al. (1999) proved that as a

pre-treatment process, the MAP precipitation can be

effective to remove the high NH4
?–N strength of over

5,000 mg/L from the raw leachate collected at the

local landfill in Hong Kong. The removal efficiency of

NH4
?–N was more than 90 %. In their review, Abbas

et al. (2009) report the use of MAP at a pH of 8.5 to 9.0

to reduce ammonium concentration from 5,600 to

110 mg/L. Results from Di Laconi et al. (2010)

indicate that 95 % ammonium removal was achieved

when the Mg2?:NH4
?:PO4

3- ratio was set at 2:1:1, at a

pH of 9. Similar studies by Kim et al. (2007)

corroborated with this and demonstrated that ammo-

nium precipitation efficiencies greater than 90 % were

achieved when struvite was used in a sequence that

involves addition of magnesium and phosphorus

sources before control in pH.

2.4.5 Chemical oxidation and advanced oxidation

processes (AOPs)

2.4.5.1 Technological assessment Chemical oxida-

tion is required for the treatment of landfill leachate to

remove specific organic and inorganic pollutants such as

soluble organic, non-biodegradable and/or toxic

substance, but is unlikely to provide full treatment of

the wide range of contaminants present in typical

leachate samples (Marco et al. 1997; Sector guidance

note 2007). According to Amokrane et al. (1997)

commonly used oxidation agents as chlorine, ozone,

potassium permanganate and calcium hydrochloride for

landfill leachate treatment resulted in COD removal of

around 20–50 %. Advanced Oxidation Processes

(AOPs) is a special class of oxidation techniques

which are all characterized by the same chemical

feature: production of OH radicals. OH radicals are

extraordinarily reactive species with an oxidation

potential of 2.8 V, and destroy or detoxify

halogenated organics, while enhancing the

biodegrability of the effluent by rupturing aromatic

structures, and dissociating the carbon-halogen (C-X),

carbon–carbon single and carbon–carbon double (C=C)

bonds (Ince 1998). A list of the different possibilities

offered by AOPs is given in Table 6. Different oxidation

techniques such as photocatalytic oxidation,catalytic

wet air oxidation, Fenton oxidation, electrochemical

oxidation, catalytic oxidation, chemical oxidation,

plasma technique and ultrasonic technology have been

reviewed by Gui and Yang (2007).

Many researchers using AOPs have demonstrated

the effectiveness in eliminating COD (reduction is

about 50–70 % in most cases) (Bigot et al. 1994;

Steensen 1997), but most of them only used this

process as a tertiary treatment prior to discharge in the

environment and it is not always in an efficient way.

Sometimes the treatment efficiency on stabilized

leachate has been moderate. 48 % COD removal

was only attained when the highest ozone dose of

3.0 g O3/L was employed, and rather than being

removed, there was actually an increase in the TOC

content of the ozonated sample (Silva et al. 2004).

Other draw backs of AOPs is the high demand of

electrical energy for devices such as ozone generators,

UV lamps, ultrasound systems, which results in rather

high treatment costs. Also, for complete degradation

(mineralization) of the pollutants to occur, high

oxidant doses would be required. (Sector guidance

note 2007), rendering the process economically

Table 6 List of typical AOP systems, according to Lopez

et al. (2004)

With irradiation Without irradiation

Homogeneous system

O3/ultraviolet (UV) O3/H2O2

H2O2/UV O3/OH-

Electron beam H2O2/Fe2? (Fenton’s)

Ultrasound (US)

H2O2/US

UV/US

H2O2/Fe2?/UV (Photo-Fenton’s)

Heterogeneous systems

TiO2/O2/UV Electro-Fenton

TiO2/O3/UV

TiO2/H2O2/UV
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expensive. Tizaoui et al. (2007) estimated the treat-

ment cost of an O3/H2O2 system to be about 2.3 euro/

kg COD. While Chys et al. (2014) estimated the

operational cost for Fenton treatment of leachate was

2.5 euro/kgCOD of leachate, while the cost for

ozonoation was 3.1 euro/kg COD. The relative high

treatment costs are the main restriction for successful

application of AOPs next to its treatment efficiency.

Therefore, the main points of AOPs in the future will

focus on combination of advanced oxidation process

and biological treatment (Gui and Yang 2007). Also,

efficient control of such systems will be necessary as

the currently applied control strategies are mainly flow

rate based. During rainy periods, when the flow rate is

high, but the pollution load is low, these control

systems are dosing too much.

2.4.5.2 Application to landfill leachate AOPs,

adapted to old or well-stabilized leachate, are applied

to enhance the biodegradability of contaminants

through converting recalcitrant contaminants into

smaller and consequently more biodegradable

intermediates and oxidize organics substances to their

highest stable oxidation states being carbon dioxide and

water (i.e., to reach complete mineralization).

Ozone oxidation finds wide scale application in the

treatment of landfill leachate as illustrated by various

lab scale and industrial scale applications. For instance

over 30 leachate treatment facilities in Germany apply

ozonation to reduce the quality of leachate before

discharge into surface waters (Gottschalk et al. 2010).

Ozonation is highly valued because it can transform

recalcitrant organic compounds into lower molecular

weight compounds thus increasing biodegradability.

However, its efficiency depends on various factors. To

illustrate the effect of pH on ozonation efficiency,

Cortez et al. (2010) reported an increase in the

percentage of COD removal and BOD5 content from

23 to 40 % and 30–65 mg/L, respectively, when the

pH changed from 3.5 to 11. In other studies, the

decrease in UV254 absorbance improved from 42 %

(pH 5.5) to 57 % (pH 11) (Cortez et al. 2011). This is

because alkaline pH favors the formation of the highly

reactive hydroxyl radicals which react unselectively

and rapidly with organic matter hence reducing COD

and colour (Kurniawan et al. 2006a). However, at

alkaline pH, bicarbonate ions converted to carbonate

ions which readily scavenge the hydroxyl radicals,

hence slowing down the oxidation kinetics (Li et al.

2010). Other known scavengers include chlorides and

sulphates (Tizaoui et al. 2007). Several studies (Tiza-

oui et al. 2007; Cortez et al. 2010, 2011) reported an

overall increase in COD removal as the treatment time

of oxidation increased. This is because of higher ozone

doses. For instance, COD removal increased from 4 %

at 5 min reaction time to 10 % at 60 min at an inlet

ozone concentration of 63 mg/L (Cortez et al. 2010).

A 50 % difference in COD removal was observed

when leachate was treated for 60 instead of 20 min

(Tizaoui et al. 2007). At initial reaction time of

30 min, Ntampou et al. (2006) reported 30 % COD

removal at 0.75 g/h/L ozone dosage. The percentage

of COD removal increased to 57 % upon extended

reaction time (3 h). An additional benefit of ozonation

is that it increases the BOD/COD ratio from zero up to

a maximum value of 0.21 (Derco et al. 2002).

Ozonation can be improved by coupling it with

other oxidants such as UV or H2O2. Wable et al. (1993),

Bigot et al. (1994) and Schulte et al. (1995) reported

organic matter removal efficiency as high as 90 % for

the O3/H2O2 process. In their review, Li et al. (2010)

reported up to 97 % COD reduction in an O3/H2O2

system and 54 % COD reduction in the photolytic

ozonation system. A study to compare the efficiency of

O3, O3/UV, O3/H2O2 at an ozone dosage of 1.2 g/L

reported that O3/UV had better oxidation ability than

O3 and O3/H2O2 systems. Photolytic ozonation sys-

tems further offer advantages such as no production of

trihalomethanes (THM) which are found in other

oxidation systems (Kurniawan et al. 2006a).

Fenton oxidation has been used successfully in the

removal of pollutants from landfill leachate. In the

treatment of Pulau Burung stabilized landfill leachate,

Mohajeri et al. (2010) reported 78 and 58 %, removal

of colour and COD respectively. In terms of biode-

gradability improvement, BOD5/COD ratios close to

0.5 after Fenton oxidation have been reported (Lopez

et al. 2004). This overall removal of pollutants is

achieved by coagulation and/or oxidation and it

depends on the reaction conditions such as pH and

H2O2/Fe2? ratio. Barbusinski and Pieczykolan (2010)

reported an optimum pH for Fenton oxidation between

2 and 4 where they achieved up to 60 % COD removal.

This observation corroborated with that reported by

Zhang et al. (2005) where 58 and 45 % COD removal

was achieved at an optimum pH of 2.5, and initial COD

concentrations of 1,000 and 2,000 mg/L respectively.

A pH of 3 favored the removal of 46 % COD and 62 %
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UV254 (Cortez et al. 2011). A further increase in pH led

to a decrease in COD removal efficiency probably as a

result of inhibition of H2O2 decomposition, deactiva-

tion of ferrous catalyst and/or scavenging by HCO3
-,

CO3
2- which are dominant at alkaline pH (Deng and

Englehardt 2007). Singh and Tang (2013) investigated

the impact of H2O2/Fe2? ratio on Fenton oxidation and

found a very broad operational range of 0.5–60 (w/w).

At this range, the COD removal efficiencies ranged

between 31 and 95 %. At low H2O2/Fe2?, chemical

coagulation is predominant. This is due to the forma-

tion of ferric ions by Fenton mechanisms. The use of

UV irradiation in the Fenton process (photo-Fenton)

and production of H2O2 through the electrochemical

process (electro-Fenton) has shown great potential in

COD removal efficiencies. Li et al. (2010) reports up to

86 and 83 % percentage of COD removal using photo

Fenton and electro-Fenton respectively.

Photocatalysis can also be used to reduce COD

concentration in leachate (Meeroff et al. 2012). At

initial COD concentration ranging between 140 and

330 mg/L, over 70 % COD removal efficiency was

achieved when photocatalysis was carried out for 4 h

using 4 g/L of TiO2 and UV intensity of 1,960 lW/

cm2. Using photochemical technologies revealed that

35–57 % COD removal efficiency could be obtained

when landfill leachate (initial COD 1,200 mg/L) is

treated using 1–2 g/L TiO2 and 0.5 mW/cm2 UV

intensity. Since high operation costs caused by high

energy consumption is one of the major drawbacks of

photocatalysis (Kurniawan et al. 2006a), the use of

solar driven photocatalysis is of recent interest. An

example is given in Rocha et al. (2011) where solar

energy is used as a source of photons. Rocha et al.

(2011) reports a decrease in dissolved organic carbon

from 1,200 to 900 mg/L in a leachate sample treated

with 1,019 kJUV/L. Further improvement of the

photocatalytic process can be achieved by the addition

of O3 (heterogeneous photocatalytic ozonation) which

favors the formation of more radicals compared to the

TiO2/UV system only (Kurniawan et al. 2006a).

In summary, Table 7 presents an overview of the

performance of several AOP techniques in terms of

COD removal (Kurniawan et al. 2006b).

2.4.6 Activated carbon adsorption

2.4.6.1 Technological assessment Adsorption, a

mass transfer process by which a substance is

transferred from the liquid phase to the surface of a

solid through physical and/or chemical interactions, is

recognized as a widely employed method (Imai et al.

1995; Morawe et al. 1995; Fettig 1999; Wasay et al.

1999; Kurniawan 2002; Babel and Kurniawan 2003;

Aziz et al. 2004; Daifullah et al. 2004; Babel and

Kurniawan 2004). The popularity of activated carbon as

an adsorbent is owed to its highly porous character and

large surface area, controllable pore structure,

thermostability, low acid/base reactivity, and high

removal efficiency for a wide variety of organic and

inorganic pollutants dissolved in aqueous media

(Chingombe et al. 2005; Li et al. 2008; Abbas et al.

2009). In practice, activated carbon adsorption is often

used as a stage in an integrated chemical/physical/

biological leachate treatment train. Further, it is often

used simultaneously with a biological process and offers

a number of advantages, such as enhancing nitrification

efficiency, improving sludge dewaterability and

removing refractory organic compounds (Aktas and

Cecen 2001; Aghamohammadi et al. 2007). Non-

biodegradable organics, inert COD and color may be

reduced to acceptable levels for biologically treated

landfill leachate, and the existence of activated carbon is

believed to contribute to a synergy effect for providing

an attachment surface for bio-regeneration

(microorganisms) and serving as a nucleus for the

occurrence of floc formation (Cecen et al. 2003). The

most commonly used adsorbent is granular activated

carbon (GAC) or powder activated carbon (PAC) (Cecen

et al. 2003; Renou et al. 2008; Mojiri 2011). The main

drawback of activated carbon adsorption is the need for

frequent regeneration of columns or an equivalently high

consumption of powdered activated carbon (PAC).

2.4.6.2 Application to landfill leachate In most

studies for purifying landfill leachate sample,

activated carbon adsorption has also revealed the

Table 7 Performance of several AOP techniques in terms of

COD removal, according to Kurniawan et al. (2006b)

Reactor type Performance (% COD removal)

O3 25–85

O3/H2O2 28–50

O3/UV 63

H2O2/UV 56–90

Fenton 52–85
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prominence in removal of essential amount of organic

compounds and ammonium nitrogen (Foo and

Hameed 2009). A widely reported case is that from

the Goslar landfill in Germany where GAC was used

to reduce the influent COD (940 mg/L) by 91 % (Foo

and Hameed 2009). In a Greek landfill, PAC at a

dosage of 6 g/L was successfully used to reduce the

initial concentration of COD (5,690 mg/L) by 95 %

(Kurniawan et al. 2006a). For an equal dose of GAC,

Diamadopoulos (1994) managed to reduce the COD of

landfill leachate from 1,140 to 270 mg/L and Abbas

et al. (2009) report a COD and ammonium nitrogen

removal of 50–70 %.

Li et al. (2010) presented a case study where

combined use of 10 g/L PAC and coagulation-floccu-

lation enhanced the removal of COD (from 2,817 to

407 mg/L), Fe3? (from 9.6 to 0.03 mg/L) and Pb2?

(from 289 to 7 lg/L). Kargi and Pamukoglu (2003b)

investigated that PAC at a dose of 2 g/L improved

COD and ammonium removal, resulting in nearly

86 % COD and 26 % ammonium removal. Kurniawan

and Lo (2009) investigated H2O2 oxidation in combi-

nation with GAC adsorption and found removal

efficiencies of 82 % for COD and 59 % for ammo-

nium. Activated carbon had also successfully been

used in the removal of heavy metals from leachate.

Kurniawan et al. (2006a, b, c) reports a study where

Cd2?, Cu2?, Cr3?, Mn2?, Pb2?, and Zn2? were

removed from landfill leachate using a dosage of

2 g/L of GAC. A reduction of approximately 80–96 %

was achived at an initial concentration of 84 mg/L.

2.4.7 Membrane filtration

2.4.7.1 Technological assessment A membrane

could be defined as a material that creates a thin

barrier capable of selectively resisting the movement

of different constituents of a fluid and therefore

affecting separation of the constituents (Visvanathan

et al. 2000). Different membrane filtration techniques:

microfiltration (MF) (Piatkiewicz et al. 2001),

ultrafiltration (UF) (Tabet et al. 2002; Chen and

Yang 2012), nanofiltration (NF) (Mohammad et al.

2004), and reverse osmosis (RO) (Ahn et al. 2002) are

used in landfill leachate treatment.

MF is employed to capture microorganisms, small

particles, large molecules, emulsion droplets and large

colloidal (Chang et al. 1996; Ameen et al. 2011) This

method is not suitable to be used alone but is recom-

mended to be used as pretreatment process with other

membrane processes (i.e. ultrafiltration, nanofiltration or

reverse osmosis) or in combination with chemical

treatment processes so as to remove suspended matters

and colloids (Mojiri et al. 2013). UF is a selective process

utilizing pressures up to 10 bar (Mojiri et al. 2013). It

could be employed to eliminate the larger molecular

weight components of leachate that tend to foul reverse

osmosis membranes including organic biodegradable

macromolecules and non-biodegradable ones (Rauten-

bach et al. 1997; Bohdziewicz et al. 2001). Its separation

is strongly dependant on the particle size of separated

substances and the molecular weight cut-offs (MWCO)

of the membrane (Pi et al. 2009). This process might

prove to be useful as a pre-treatment method for reverse

osmosis. NF has found a place in the removal of recal-

citrant organic compounds and heavy metals from

landfill leachate because of its unique properties (Urase

et al. 1997; Ozturk et al. 2003; Calli et al. 2005). Unlike

RO, NF has a looser membrane structure, enabling higher

fluxes and lower operating pressure for the treatment of

leachate (Trebouet et al. 2001). It has the ability to

remove particles with a molecular weight higher than

300 g/mol and inorganic substances through electrostatic

interactions between the ions and membranes (Abbas

et al. 2009). The significance of this membrane lies in its

surface charges which allow charged solutes smaller

than the membrane pores to be rejected, along with

bigger neutral solutes and salts (Kurniawan et al. 2006a).

For this reason, the high rejection rate for dissolved

organic matter (DOM) and sulphate ions coupled with

low rejection for chloride and sodium ions reduces the

volume of concentrate. NF membranes are commonly

made of polymeric films which have a molecular cut-off

between 200–2,000 g/mol (Renou et al. 2008).

With high fluxes and the ability to operate over

wide temperature and pH range, RO is another

membrane filtration technique either as a main step

used in leachate treatment chain as or single post-

treatment step (Peters 1998). With 88–99 % rejection

for dissolved solids and metals (Baumgarten and

Seyfried 1996; York et al. 1999), RO can be used for

the removal of heavy metals, suspended/colloidal

materials and dissolved solids from landfill leachate

(Enzminger et al. 1987; Jenkins et al. 2003). In spite of

its high rejection rates, the drawbacks of RO include

membrane fouling and its high-energy consumption

(Kurniawan et al. 2006a).
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2.4.7.2 Application to landfill leachate An

increasing number of leachate treatment plants have

selected reverse osmosis technologies (Peters 2001).

China is one of the countries. With a system capacity

of 500 m3/day and a recovery rate of 80 %, the two-

stage RO system used in the Changshengqiao landfill

is able to achieve 99.9 % removal efficiency for ions

such as Ca2?, Ba2? and Mg2? (Sı́r et al. 2012). A two-

stage disc tube membrane was used to reduce the inlet

COD and NH4
? concentration from 1,797 to\15 mg/L

and from 366 to 9.8 mg N/L, respectively. The

average rejection rates for salts and organic

contaminants are about 99 % (Peters 1998). In the

same study, the retention of both sodium and chloride

was over 99 %. Treatment of landfill leachate from a

Swedish landfill resulted in a COD and NH4
? reduction

from 925 to \15 mg COD/L and from 280 to

16 mg N/L, respectively. The retention of both COD

and NH4
? was over 98 % (Linde et al.

1995). The removal efficiencies of COD and NH3–N

from young landfill leachate were 96 and 97 %,

respectively. 96–98 % of COD removal in the leachate

at operating pressure of 53 atm was achieved using a

pilot-scale reverse osmosis unit (Chianese et al. 1999).

NF was used to reduce total Kjeldahl nitrogen

(TKN) in leachate by 22 % whereas the iron concen-

tration was reduced by 99 % at a cross flow velocity of

3 m/s, a pH of 8.3, and an applied pressure of 2 MPa

(Trebouet et al. 2001). Ince et al. (2010) reported 44 %

removal efficiency for TKN. The difference in

removal efficiencies could have been due to use of

different materials for the membrane as well as

different operating conditions and leachate character-

istics. A COD removal of 66 % was achieved in a

hybrid set up which included micro-filtration (Ince

et al. 2010). This reduction was achieved when the

cross flow velocity was set at 1 m/s, pH of 9.3, and

applied pressure of 0.175 MPa.

Microfiltration (MF) and ultrafiltration (UF) mem-

branes have also been used in leachate treatment albeit

as a pretreatment step to remove colloids and

suspended matter before RO or NF treatment although

COD removal of 50 % was obtained by using

UF process alone (Deng 2007). Pi et al. (2009)

showed that COD of the leachate steadily decreased

from 20 to \3 g/L, and ammonium decreased from

368 to 259 mg/L in the UF process. Ameen et al.

(2011) reported that MF decreased the turbidity,

colour, total suspended solids, total dissolved solids

and volatile suspended solids in the leachate by 98, 90,

99, 14 and 20 %, respectively.

2.4.8 Ion exchange treatment

2.4.8.1 Technological assessment Ion exchange is a

reversible process and may be accomplished with ion-

exchange resins or synthetic polymeric materials

(Singh et al. 1999). It is a well-known technique for

wastewater purification. However, there is little

research towards the removal performance on

landfill leachate using the technique. Kurniawan

et al. (2006a, b, c) and Bashir et al. (2010b) reported

ion exchange is not a well-studied method for removal

of non-biodegradable organic compounds from

landfill leachate and it is typically used as a

polishing step for removal of NH4
?, NO3

-, and

metals from leachate (Fernandez et al. 2005, Primo

et al. 2009; Bashir et al. 2010a). There are a few recent

studies that investigate ion exchange treatment of

landfill leachate.

2.4.8.2 Application to landfill leachate The

application of ion exchange processes in municipal

landfill leachate treatment was recently investigated

(Bashir et al. 2010a, b, 2011). According to Bashir

et al. (2011) cationic resin was an effective media for

ammonium removal. At the optimum cationic dosage

69 % colour, 38 % COD and 92 % ammonium

removal was achieved. Equilibrium removal data for

ammonium by cationic resin fitted well with Langmuir

and Freundlich linear adsorption isotherms (Bashir

et al. 2010a). Boyer et al. (2011) systematically

evaluated magnetic ion exchange (MIEX) treatment of

stabilized landfill leachate. The removal of UV254

(57 %) and dissolved organic carbon (34 %) shows

that MIEX-Cl resin is able to remove dissolved

organic matter even from landfill leachate and

steady-state dissolved organic matter removal of

leachate by MIEX-Cl resin was achieved in 20 min,

with no change in uptake between 20 min and 2 d of

mixing. Singh et al. (1999) carried out a bench-scale

study and found that the level of fluoride was reduced

from approximately 10 to\1 mg/L.

One of the most significant drawbacks of cation

exchange resin utilization in treatment processes is its

cost (Grote and Schumacher 1997). Other limitation is

that, prior to ion exchange, appropriate pre-treatment
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system such as the removal of suspended solids from

leachate is required.

2.4.9 Electrochemical treatment

2.4.9.1 Technological assessment Electrochemical

methods are based on anodic and cathodic reduction

of impurities present in waste water. The application

of the techniques is to the treatment of coloured

effluent, removal of organic contaminants and for

reducing the BOD and COD of the effluent.

Electrochemical oxidation of organic compounds

from leachate is promising method of breaking down

pollutants which are resistant to biological

degradation (Tatsi et al. 2003). Electrochemical

methods have been studied in situations where

traditional methods have been unable to achieve the

satisfactory concentration limits or where they offer

economic advantages (Deng and Englehardt 2007;

Ramprasad 2012). Treatment of landfill leachate via

electro-chemical ways has also been found to

successfully reduce COD and ammonium at

laboratory and pilot-scale (Chiang et al. 1995a;

Rowley and Stratton-Campbell 2002). France and

Brazil have applied the technology for environmental

protection (Ben-Ali et al. 2004; Moraes and Bertazzoli

2005).

2.4.9.2 Application to landfill leachate In most of

the studies in this field, especially the electro-

oxidation method was examined (Deng 2007).

Several researchers employed an electrochemical

method in reducing the COD, colour, 2-chlorophenol

and ammonium in the leachate (Chiang et al. 1995a, b;

Polcaro et al. 1999; Panizza et al. 2000). All

investigators found efficient removal of contaminant

above mentioned in the leachate with the addition of

chloride. Chiang et al. (1995a) indicated that the

removal of COD was 52 % after 6 h batch

electrochemical oxidation and over 80 % for

ammonium (NH4
?). Polcaro et al. (1999) reported

that electrochemical degradation of 2-chlorophenol

was more efficient when chloride of approximately

1,000 mg/i was added. During electro-oxidation of

leachate, COD reduction efficiency ranges from 70 %

up to above 90 %, and ammonium removal efficiency

almost reaches 100 % under appropriate conditions

(Leu and Chang 1999; Chiang et al. 2001; Ihara et al.

2004). The result for removal of organic compounds in

electro-oxidation of leachate is superior to those

reported in coagulation/flocculation (Amokrane et al.

1997), light-enhanced oxidation (Ince 1998),

combination of UV and O3/H2O2 (Qureshi et al.

2002), Fenton process (Lopez et al. 2004), ultrasound

(Gonze et al. 2003) and other physical/chemical

processes.

As a summary for the more traditional processes, an

overview of the performances is presented in Table 8.

During many years, the traditional processes including

conventional biological treatments and classical phys-

ical–chemical methods were considered as the appro-

priate technologies for manipulation and management

of high strength effluents like landfill leachates. The

landfill operators selected suitable treatment processes

(Table 8) according to the leachate characteristics.

When, treating relatively young leachate, biological

techniques can yield a reasonable treatment perfor-

mance with respect to COD, ammonium and heavy

metals. When treating stabilized (less biodegradable)

leachate, physical–chemical treatments have been

found to be suitable in order to remove refractory

organic matter. Although the methods, to some de-

gree, can effectively remove some nitrogen composi-

tions and COD pollutions which can be seen from the

Table 8, there are still many problems that occur.

For instance, the biological method of nitrification/

denitrification is probably the most efficient and cost

effective process to eliminate nitrogen from leachate

(Shalini and Joseph, 2013). However, biological

treatment is hampered by the specific toxic substances

(such as PAHs-polyaromatic hydrocarbons, adsorb-

able organic halogens, PCBs-polychlorinated biphe-

nyls) and/or by the presence of bio-refractory organics

(such as humic substances or surfactants). The

efficiency of denitrification is reduced due to the

limited level of biodegradable organics, in particular

in stabilised landfills (Wiszniowski et al. 2006). Since

ultrafiltration membranes cannot retain volatile fatty

acids, acidogenic leachate is poorly treated using

ultrafiltration membranes membrane systems. It is

therefore more practical to treat young leachate with

activated sludge processes. However, the disadvan-

tages of activated sludge processes are poor retention

of solids, and large area and volume requirements

(Visvanathan et al. 2004). Some other leachate

treatment methods, such as air stripping, coagulation

and flocculation, are often costly in terms of initial

outlay of plant equipment, energy requirements and
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frequent use of additional chemicals. Other methods

such as reverse osmosis membrane filtration, active

carbon adsorption only transfer the pollution from one

stream to another and do not solve the environmental

problem. Although advanced oxidation processes

(AOPs) have been proposed in the recent years as an

effective alternative for mineralization or partial

degradation of recalcitrant organics in landfill leachate

(Wiszniowski et al. 2006), the investment cost is high.

Taking into account these problems, as well as the

hardening of regulation criteria for leachate discharge,

leachate treatment plants are forced to integrate stages.

The integrated chemical-physical or chemical-physi-

cal-biological processes (whatever the order) amelio-

rates the drawbacks of individual processes

contributing to a higher efficacy of the overall

treatment.

3 Combined leachate treatment systems

The combination of two or more treatments proves to

be more efficient and effective than individual treat-

ment. This could be due to the fact that a two-step or

three-step treatment has the ability to synergize the

advantages of individual treatments, while overcom-

ing their respective limitations. In the following, an

overview of possible combinations is presented.

3.1 Physical–chemical leachate treatment

Physical–chemical treatment processes for young

landfills leachate are not as effective as biological

processes, whereas they are extremely efficient for

stabilized leachate. The combination of treatment

systems has been found to be suitable for the removal

of refractory substances from stabilized leachate

(Visvanathan et al. 2004). Not only that, but they are

also as a refining step for biologically treated leachate.

Prior to discharge, an additional effluent refining using

physical–chemical treatment can be carried out on-

site. The combined physical–chemical processes have

been widely employed in landfill leachate treatment

plants for COD removal. Table 9 lists treatment

performance of some combined physicochemical

leachate treatments reported in the literature.

Laboratory-scale experiments were conducted to

study the combined performance of ammonium strip-

ing and granular activated carbon (GAC) adsorption

for the treatment of landfill leachate. The removal of

COD and ammonium after ammonium stripping alone

and its combination with GAC adsorption treatment

was evaluated and compared, respectively. The com-

bination of ammonium stripping and GAC adsorption

using ozone-modified GAC demonstrated almost

complete removal of COD (99.6 %) and ammonium

(99.9 %) with an initial COD concentration of

30,010 mg/L and ammonium concentration of

2.5 mg/L, compared to ammonium stripping alone

(COD: 16 %; ammonium: 97 %) at the same initial

concentrations with the following conditions: pH 11,

60 mL/min of flow rate and a temperature of 28 �C.

With the COD level of treated effluent at\200 mg/L,

the results indicate that the combination of ammonium

stripping and GAC adsorption was more effective than

ammonium stripping alone for the removal of

recalcitrant compounds from stabilized leachate. The

application of the integrated process for leachate

Table 8 Summary of

performances of different

traditional treatment

techniques for landfill

leachate treatment,

according to Renou et al.

(2008)

Process Average removal (%)

BOD COD Kjeldahl

Nitrogen

Suspended

Solids

Turbidity

Coagulation/flocculation – 40–60 \30

Chemical precipitation – \30 \30

Stripping – \30 [80 – 30–40

Aerobic biological treatment [80 60–90 [80 60–80 –

Anaerobic biological treatment [80 60–80 [80 60–80 –

Ultrafiltration – 50 60–80 [99 [99

Nanofiltration 80 60–80 60–80 [99 [99

Reversed osmosis [90 [90 [90 [99 [99
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treatment was able to meet a stringent ammonium

discharge standard of \5 mg/L, indicating that no

further treatments would be required (Kurniawan et al.

2006a).

Another study of the treatment of mature leachate

was conducted via air stripping followed by coagula-

tion/ultrafiltration (UF) (Pi and Gong 2008). It was

seen that the air stripping could obtain a removal

efficiency of 89 % for ammonium. When the effluent

of the air stripping process was treated by the single

coagulation process, the BOD/COD ratio increased

from 0.049 to 0.138 with a FeCl3 dosage of 570 mg/L,

at pH 7.0,. A single UF process increased the BOD/

COD ratio from 0.049 to 0.311. However, the

combination of coagulation and UF was found to

increase the BOD/COD ratio from 0.049 to 0.423, and

the final COD, BOD, ammonium and colour of the

leachate were reduced from 18,725, 926, 1,868 and

12,235 to 1,023, 2,845, 145 and 2,056 mg/L

respectively.

The overall performances for combined pretreat-

ment of landfill leachate by air stripping for ammo-

nium removal followed by coagulation–flocculation

were recently evaluated (Abood et al. 2013). In these

experiments the initial COD concentration was

2,600–5,500 mg/L, the initial ammonium concentra-

tion was 2,200–3,100 mg L-1 and the initial BOD

concentration was 420–1,300 mg/L. The removal of

COD, ammonium and BOD improved from 31, 94 and

40 %, respectively using ammonium stripping alone

to 71, 96 and 57 % by using the combined treatments.

The corresponding BOD/COD ratio was changed from

0.20 to 0.31. The results suggest that the coagulation-

flocculation step enhanced ammonium stripping for

the removal of organic compounds and NH3–N from

the leachate as well as increasing the biodegradability

of landfill leachate.

An old landfill leachate was pre-treated in a pilot-

scale aerated packed tower operated in batch mode for

total ammonium nitrogen (TAN) removal. The

stripped ammonia was recovered with a 0.4 mol L-1 -

H2SO4 solution, deionized water and tap water.

Ca(OH)2 (95 % purity) or commercial hydrated lime

was added to the raw leachate to adjust its pH to 11,

causing removal of colour (82 %) and heavy metals

(70–90 % for Zn, Fe and Mn). The 0.4 mol L-1 H2-

SO4 solution was able to neutralize 80 % of the

stripped ammonia removed from 12 L of leachate. The

effectiveness of the neutralization of ammonia with

deionized water was 75 %. Treating 100 L of leach-

ate, the air stripping tower removed 88 % of TAN after

72 h of aeration, and 87 % of the stripped ammonia

was recovered in two 31 L pilot-scale absorption units

filled with 20 L of tap water (Ferraz et al. 2013).

3.2 Combined physicochemical-biological

leachate treatment

Numerous research studies on the leachate treatment

using different types of combined physical–chemical

and biological treatments have been performed (Tab-

rizi and Mehva 2004; Goi et al. 2010; Umar et al.

2010a, b). Table 10 shows the treatment performance

of some combinations between physical–chemical and

biological treatments reported in the literature.

Biological pretreatment are often applied as RO

pretreatment (Jans et al. 1992; Baumgarten and

Seyfried 1996) for a better quality permeate from the

RO unit and prolonged the life span of the RO unit by

reducing fouling effects and treatment costs. On the

Table 9 Treatment

performance of some

combined physical–

chemical treatment

processes, according to

Kurniawan et al. (2006a),

Vogel et al. (2007) and

Mariam and Nghiem (2010)

Type of combined treatment Leachate age Influent COD

(mg/L)

% COD

removal

Coagulation ? Fenton Old 417 73

NF ? coagulation Old 2,150 80

NF ? PAC adsorption Old 1,450 97

Ozone ? GAC adsorption Old 4,970 90

Coagulation-flocculation ? ozonation Old 3,460 48

NF ? RO Synthetic landfill

leachate

330 55

Electrocoagulation ? nanofiltration Old 636 92
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contrary, lime coagulation appears a promising option

for the pretreatment of biological techniques and the

removal of colloidal particles and organic macromol-

ecules. It is likewise possible to reduce the non-

biodegradable organic matter that remains after bio-

logical treatment by adsorption with activated carbon

(Kargi and Pamukoglu (2004)).

3.3 AOP-biological leachate treatment

AOPs’ high oxidative capability and efficiency make

it a popular technique in tertiary treatment in which

the most recalcitrant organic and inorganic contam-

inants are to be eliminated. The increasing interest

in water reuse and more stringent regulations

regarding water pollution are currently accelerating

the implementation and use of the combination of

AOPs and biological processes in recent years,

which enhances the treatment performance for

leachate through AOP process converting recalci-

trant contaminants (such as pharmaceuticals, pesti-

cides and new emerging organic micropollutants) in

the leachate into smaller and consequently more

biodegradable intermediates.

Di Laconi et al. (2006) reports the results of a

laboratory scale investigation aimed at evaluating the

effectiveness of mature municipal landfill leachate

treatment by a biological stage, carried out in a

biofilter with granular biomass (SBBGR), followed by

a chemical oxidation step, performed using ozone or

Fenton, for further COD removal. The results show

that the biological treatment was able to remove

roughly 80 % of COD in the leachate at an organic

loading of about 1.1 kgCOD/(m3 day). Ammonium

removal efficiency was more than 20 % because of the

presence of high salinity and inhibitory compounds.

When the leachate was pre-treated in order to reduce

considerably the ammonium content, it was possible to

reach organic loadings as high as 4.5 kgCOD/m3 day

with a decrease in COD removal of only 10 %. The

biological treatment was characterised by a negligible

sludge production. Ozone and Fenton reagent were

used to reduce the remaining COD content presum-

ably made up of recalcitrant compounds. The treat-

ment with ozone was able to remove only 33 % of

residual COD whereas using Fenton reagents an 85 %

removal efficiency of COD was achieved.

Treatment with Fenton process improved biode-

gradability from 0.3 to 0.65 and reduced toxicity by

50 % which favored biological post treatment (Asha

and Latha 2013). Fenton process was an efficient

chemical pretreatment prior to anaerobic process.

Anaerobic post treatment of Fenton treated leachate at

HRT 13 days and pH 7 further removed 90, 98, 28, 70,

40 and 78 % COD, BOD, turbidity, nitrate, sulphate

and TSS respectively. Combined chemical-biological

process reduced COD, BOD, turbidity, nitrate, sul-

phate and TSS to levels 189, 24 mg/L, 11 NTU, 48,

170 and 68 mg/L respectively.

Anfruns et al. (2013) evaluate the suitability to

couple the anammox process with advanced oxidation

processes (AOPs) to treat mature landfill leachate with

high nitrogen and non-biodegradable organic matter

concentrations (2,309 ± 96 mg N–TN-1 and

6,200 ± 566 mg COD L-1). The combination of a

partial nitration-anammox system coupled with two

AOP-based technologies (coagulation/flocculation

and ozonation or photo-Fenton) was assessed in terms

of nitrogen and carbon removal. Total nitrogen

Table 10 Treatment

performance of some

combined physical–

chemical and biological

treatments

Type of combined treatment Initial concentration

in leachate

(mg L-1)

Removal

efficiency (%)

Reference

COD NH3–N COD NH3–N

UASB ? RO 35,000 1,600 99 99 Jans et al. (1992)

Activated sludge ? RO 1,153 6,440 99 99 Baumgarten and

Seyfried (1996)

GAC ? Nitrification 2,450 830 55 93 Horan et al. (1997)

Repeated fed batch biological

treatment ? PAC

7,000 700 94 30 Kargi and Pamukoglu

(2004)

Lime coagulation ? UASB 11,247 598 80 2.5 Castrillon et al. (2010)
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Table 11 Integrated AOP and biological treatments, according to Van Hullebusch and Oturan (2011)

Location of landfill Type of combined treatment Coagulant/

adsorbent/oxidant

Dose

(g L-1)

Ozone

consumption/

mg O3 per mg

COD

Initial

concentrationin

leachate (mg-1 L)

BOD/

COD

Removal

efficiency (%)

COD Ammonium COD Ammonium

Taiwan Coagulation ? electro-

Fenton ? SBR

Fe(II)SO4/H2O2 0.75 – 1,941 151 0.3 95 81

Hong Kong UASB ? ozonation O3 0.05 16 15,700 2,260 0.06 93 NA

Hong Kong UASB ? ozonation ? Fenton

oxidation

O3;Fe(II)SO4/H2O2 0.05/0.3/0.2 25 15,700 2,260 0.06 99 NA

Kimpo (Korea) Fenton oxidation ? activated sludge Fe(II)SO4/H2O2 0.9/0.9 NA 7,000 1,800 0.15 98 89

Germany Photochemical ? activated sludge UV/H2O2 14 – 920 NA 0.005 89 NA

Fossalta (Italia) Wet oxidation ? activated sludge – – – 4,140 998 0.46 NA NA

Flanders (Belgium) Ozone ? activated sludge;

Ozone ? activated sludge

O3;

O3

2.8

0.05

3.7;

2.0

895

2,800

626

250

0.05

0.54

81

97

NA

Finland Ozone ? activated sludge O3 5.00 0.3 560 NA 0.06 95 NA

Teuftal (Switzerland) Ozone ? nitrification O3 0.03 NA 1,500 600 0.23 98 NA

NA Not available
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removal efficiency within a range of 87–89 % was

obtained with both configurations without the need of

any external carbon source. The COD removal

efficiencies attained were 91 % with coagulation/

flocculation ? ozonation and 98 % with photo-Fen-

ton. The combination of partial nitritation-anammox

system with photo-Fenton treatment was more favor-

able than with coagulation/flocculation ? ozonation

treatment.

Applying the biological treatment prior or posterior

to advanced oxidation processes-based technologies

could give attaining higher removal efficiencies. From

a basic economical point of view and taking into

account the results of the studies, the combination of

biological treatment systems with AOP treatment was

more favorable than other combinations. Table 11

shows the performance of integrated AOP and

biological treatments in some countries.

4 Conclusion

The landfill leachate treatment has become a vital part

of environmental protection. There are a wide range of

diverse approaches and technologies available for

treatment of leachate. COD/TOC and BOD/COD

ratios, absolute COD concentration and age of the

landfill are necessary determinants in the leachate

characteristics for selection of adequate treatment

options. In treating leachate, the effluent should be

able to meet either the standards for discharge in

receiving water bodies or the sewer system. This

comprehensive review discusses the technologies that

each technology possesses promising features and

potential problems. With the continuous hardening of

the discharge standards in most countries and the

ageing of landfill sites with more and more stabilized

leachates that often need high investment cost to

treat, any individual treatment process is not sufficient

anymore to reach the level of purification needed to

fully reduce the negative impact of landfill leachates

on the environment. A combined treatment is indeed

capable of improving the effluent quality and mini-

mizing the residue generated at a lower treatment cost

than an individual treatment. Unfortunately, a large

part of the complementary processes are non-destruc-

tive and non-optimized or appropriate for specific

circumstances or specific locations. For instance, air

stripping, ion exchange, membrane processes, or

chemical precipitation, a fact that necessarily impli-

cates the generation of another phase containing the

polluting chemical species. In the last years, increas-

ing scholarly interest has been shown in the applica-

tion of integrated advanced oxidation process (AOP)

and biological treatments. There are different com-

mercial AOPs purification pilots for the treatment of

leachate operating several countries. All use a com-

bination of several individual processes and more than

60 % of the plants have been provided with biological

phase which represents the first stage of the treatment.

The future research strategies for landfill leachate

treatment could focus on the following points. (1)

Every individual physical/chemical or biological sys-

tems should be modified and optimized. (2) A selected

treatment sequence to treat leachate of a particular age

should offer the flexibility in adopting other unit

operations or replacing some unit operations in favor

of newer technologies. It is one of the most important

and necessary criteria in developing a treatment

scheme for high organic, high ammonium leachate

and leachate with variable characteristics at different

time period. This should also be economically and

technological feasible with a long-term sustainability.

(3) Modular, multi-stage units should be designed to

be capable of coping with the changing leachate

characteristics, possibly involving the use of primary,

secondary, and tertiary processes, as well as exploring

options for coupling technologies with various phys-

ical–chemical or other biological processes to treat

different types of leachate. (4) Future developments in

the performance for the total leachate treatment

system can be assessed accurately by pilot studies.

(5) Extensive research should be conducted to simu-

late and model treatment processes. These involve the

bench-scale set up and simulation of all processes to be

used at the site. The site-specific system configuration

then is based on the treatability study. For large

systems, it may be prudent to set up an onsite pilot

system that can be scaled up to the final treatment

requirements. By creating a model, the modular

expansion of any or all of the unit operations would

be easy. (6) In addition, special effort should be

invested to the combination of AOPs with a biological

process to enhance recalcitrant pollutions removal

efficiency.
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ABSTRACT
Solid waste management has
become a global problem as the
rate at which waste is generated
exceeds population growth.
Although it is not the most envir-
onment friendly option due to
the inevitable generation of
greenhouse gases and leachate,
landfilling is globally still the most commonly applied waste disposal method. Leachate,
an extremely polluted wastewater, threatens ground and surface waters and requires
adequate treatment before discharge. Co-treatment of leachate in municipal waste-
water treatment plants (WWTPs) is a commonly practiced method for leachate manage-
ment. However, changing characteristics of leachate and more stringent discharge
limits in WWTPs have led to questions about sustainability of co-treatment. On the
other hand, several new technologies and processes, which can be adopted in conven-
tional WWTPs, are now being deployed. For instance, floccular activated sludge has
evolved to granule processes, shortcut denitrification processes can potentially lower
the oxygen and carbon requirement for nitrogen removal, membrane processes can
provide higher effluent quality, more advanced aeration methods enhance energy effi-
ciency, instrumentation, and control and automation capabilities have increased. This is
the first dedicated review that compiles and critically evaluates studies concerning co-
treatment of leachate and municipal wastewater. Moreover, potential concerns, chal-
lenges and opportunities for co-treatment are discussed in the context of new develop-
ments in wastewater treatment technology.

Abbreviations: A2O: Anaerobic-anoxic-oxic; AnMBR: Anaerobic membrane bioreactor;
AOB: Ammonium oxidizing bacteria; ANAMMOX: Anaerobic ammonium oxidation; ASM:
Activated sludge model; AGS: Aerobic granular sludge; BOD: Biochemical oxygen
demand; COD: Chemical oxygen demand; CSTR: Completely stirred tank reactor; DOC:
Dissolved organic carbon; DON: Dissolved organic nitrogen; EU: European Union; FA:
Free ammonia; FNA: Free nitrous acid; HRT: Hydraulic retention time; ICA:
Instrumentation control and automation; LCA: Life cycle assessment; MABR: Membrane
aerated biofilm reactor; MAP: Magnesium ammonium phosphate; MBR: Membrane bio-
reactor; MSWI: Municipal solid waste incinerator; NOB: Nitrite oxidizing bacteria;
OFMSW: Organic fraction of municipal solid waste; OLR: Organic loading rate; PAC:
Powdered activated carbon; PE: Population equivalent; PN/A: Partial nitrification and
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anaerobic ammonium oxidation; rDON: Recalcitrant dissolved organic nitrogen; SBR:
Sequencing batch reactor; sCOD: Soluble chemical oxygen demand; SOUR: Specific oxy-
gen uptake rate; SRT: Solids retention time; STOWA: Dutch Foundation for Applied
Water Research; TAN: Total ammonia nitrogen; TDS: Total dissolved solids; TN: Total
nitrogen; TP: Total phosphorus; TSS: Total suspended solids; UASB: Upflow anaerobic
sludge bed; VLR: Volumetric loading rate; VOC: Volatile organic compound; VS: Volatile
solids; VSS: Volatile suspended solids; WWTP: Wastewater treatment plant

KEYWORDS Co-treatment; landfill leachate; nitrogen; sewage; wastewater treatment plant

1. Introduction

1.1. Global solid waste problem and management

The management of municipal solid waste remains a major environmental
concern with the rate of solid waste generation increasing at a pace that
exceeds population growth (Renou et al., 2008). According to Hoornweg
and Bhada-Tata (2012), around 1.3 billion tons of solid waste was gener-
ated globally in 2012 and it is anticipated to increase to approximately 2.2
billion tonnes per year by 2025. This corresponds to an 18% increase in
waste generation rates, from 1.2 to 1.42 kg per capita per day in the next
fifteen years. According to World Bank estimates, global population is
expected to increase by 15% within this period (World Bank, 2018). A
more recent report estimated that global waste is expected to grow to 3.40
billion tonnes and waste generation will drastically outpace population
growth by more than double in some regions of the world, i.e. Sub-Saharan
Africa, South Asia, and the Middle East, by 2050 (Kaza et al., 2018). Daily
per capita waste generation in low- and middle-income countries is
expected to increase by approximately 40% or more by 2050, compared to
high income countries where it is anticipated to increase by 19%.
Sanitary landfilling is by far the most widely applied solid waste manage-

ment method with about 40% of urban solid waste being directed to landfills
globally (Kaza et al., 2018). While they are designed to minimize impact on
the environment and public health, there are, nevertheless, two serious con-
cerns about landfills; (i) greenhouse gas emissions (CO2, CH4, VOCs) due to
decomposition of organic matter and (ii) leachate generation that threatens
surface and groundwater sources (Mor et al., 2006; Lou & Nair, 2009;
Krause et al., 2016; Maiti et al., 2016). These can increase environmental
impact of sanitary landfills especially if they are poorly designed, built and
operated. The most common challenges in sanitary landfills include issues
such as clogged drainage layers and pipes, damaged liners and leachate col-
lection pipes, inefficient drainage, improper slopes, insufficient amount of
gas collection wells, poorly established final cover and not practicing daily
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cover application. In many developed countries, landfilling of the OFMSW
(i.e. food waste, sewage sludge) is no longer the first option in waste man-
agement hierarchy because landfill gas and leachate must be collected and
properly treated for several decades even after the closure of landfills.
Landfills have also been restricted to support re-use and recycling through
material reprocessing, composting and anaerobic digestion. For instance, the
EU Landfill Directive 1999/31/EC (EC, 2001) sets quotas that limit the
OFMSW amount sent to landfills in 2016 by 35% of the total amount of
OFMSW generated in 1995. Several EU countries, i.e. Germany, Netherlands,
Sweden, Austria, had achieved the target and others are on the way (EEA,
2013). Reduce, reuse and recover (3 R) concept was also promoted and
implemented in the legislations of several countries such as Japan (Ministry
of the Environment, 2000: Basic Act on Establishing a Sound Material-Cycle
Society), USA (EPA, 1976: Resource Conservation and Recovery Act), Canada
(Canadian Council of Ministers of Environment, 2014), China (Zhou, Sun
et al., 2017) and India (Ministry of Environment and Forests, 2000).
However, it is anticipated that landfilling is unavoidable at least for the stor-
age of residuals, such as incinerator ash, reject solids from material recovery
facilities and composting plants, and will continue to play an important role
in global solid waste management systems.

1.2. Leachate generation and characteristics

Leachate is a result of both liquid present in the waste and percolated rain
water. As the water passes through waste, it dissolves and extracts several
organic and inorganic compounds, and drains as an extremely polluted
wastewater. Leachate generation and composition varies widely depending
on the site characteristics such as climate (temperature, rain), type of waste
(municipal, hazardous, ash), waste composition (humidity, organic con-
tent), design (liner system, leachate collection system, site drainage) and
operation (compaction level, daily and final cover) (Akesson & Nilsson,
1997). Di Maria et al. (2018) reported a specific leachate production of
0.244m3 per ton of solid waste in a landfill located in Italy. Brennan et al.
(2016) stated that the specific leachate production in Europe ranges
between 0.2 to 1m3 per ton of waste. The specific leachate production of
Jbel Chakir landfill located in Tunisia was reported as 42.8 L/inhabitant/
year and 0.037 L/m2/year (ANPE (Agence Nationale De Protection De
L’environnement), 2008). Stegmann et al. (2005) observed that leachate
production rates of Northern German Landfills are generally between 12
and 22% (mean: 18%) of the annual precipitation. Recently, Mohammad-
Pajooh et al. (2017) conducted a survey about leachate production in
German landfills and reported that production rates ranging between 25
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and 250m3/day. Staley and Bolyard (2018) conducted an extensive survey
for active landfills in USA and reported that about 77% of 222 landfills
were generating a leachate flow of less than 95m3/day. As it can be seen
from Table 1, leachate generation varies widely and it is quite difficult to
collect this data as it is not routinely recorded (Winthelser, 1998). It is
interesting to note that most of the research focused on leachate quality
instead of quantity. However, the quantity of leachate is as important as its
composition for applicability and feasibility of treatment options. Leachate
generation continues for several decades after the closure of landfills and it
requires an adequate collection, treatment and monitoring program to con-
trol its impact on environment. This imposes a heavy responsibility and
economic burden for municipalities even in the postclosure periods
of landfills.
As the waste undergoes microbial degradation and is stabilized over

time, the composition of leachate also changes. Leachate is traditionally
classified as young (<5 years), mature and old (>10 years) based on the
time passed since the initial placement of waste, and it can be distinguished
by the BOD to COD ratio as an indicator of the degree of stabilization
(Renou et al., 2008). Young landfill leachates are characterized with a
BOD/COD ratio over 0.3, whereas this ratio decreases below 0.1, which
shows the depletion of readily biodegradable organics, in old leachates
(Schiopu & Gavrilescu, 2010). Landfill leachate is a very complex waste-
water containing various types of organic matter ranging from simple vola-
tile fatty acids (VFAs) to high molecular weight compounds such as

Table 1. Leachate generation data from different regions.
Landfill Location Leachate Production References

USA 0-114 m3/day (average: 79 m3/day) Staley and Bolyard (2018)
Italy 0.244 m3/ton solid waste Di Maria et al. (2018)
Germany (17 landfills) 25 and 250 m3/day (mean: 70 m3/day) Mohammad-Pajooh

et al. (2017)
Europe 0.2-1 m3/ton solid waste Brennan et al. (2016)
Portugal (29 landfills) 1.1-179 m3/ha/day (mean: 10.4 m3/ha/day) Martinho and

Santos (2011)
Miami, USA

(South Dade)
Dry season: 0-2.63 m3/ha/day (mean:

1.65 m3/ha/day)
Wet season: 4.94-21.01 m3/ha/day (mean: 9.88
m3/ha/day)

Meeroff and
Teegavarapu (2010)

Florida, USA
(Palm Beach)

October 2004-August 2005: 0.89 m3/ha/day
(mean)

December 2004-July 2005: 0.54-1.43 m3/ha/day
October 2006-April 2007: 0.74 m3/ha/day
(mean)

October 2006-January 2007: 0.37-1.01 m3/
ha/day

Meeroff and
Teegavarapu (2010)

Tunisia (Jebel Chakir) 42.8 L/inhabitant/year or 0.037 L/m2/year ANPE (Agence Nationale
De Protection De
L’environnement) (2008)

Northern Germany 12-22% (mean: 18 %) of annual precipitation Stegmann et al. (2005)
Brazil (Duque de Caxias) 800 m3/day Bila et al. (2005)
USA (6 landfills) 2.6-19 m3/ha/day Reinhart (1996)
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hydrocarbons, phenols, chlorinated aliphatics, fulvic and humic substances
and inorganics (trace elements, heavy metals) (Kjeldsen et al., 2002; Zhang
et al., 2013). It is generally characterized by an imbalance in organic carbon
and nutrient ratios mainly due to high nitrogen but very low TP content
(low C:N but high C:P ratios) (El-Gohary & Kamel, 2016). Several studies
have reported the characteristics of leachates originated from different land-
fill sites (Kjeldsen et al., 2002; Aziz et al., 2010). A detailed leachate charac-
terization study is often required to select the optimum treatment process
train in order to minimize the environmental impact of leachate.

1.3. Current state of leachate co-treatment

Determination of adequate treatment processes not only depends on leach-
ate characteristics but also economics, complexity of the process, availability
of technology and training level of operators. On-site and off-site leachate
treatment methods such as biological, physicochemical, advanced oxidation
and membrane processes were extensively reviewed by Wiszniowski et al.
(2006), Renou et al. (2008), Gao et al. (2015), Torretta et al. (2016), Sil and
Kumar (2017). Although on-site wastewater treatment plants are more
effective in leachate treatment, they often require complex processes that
can increase investment and operation costs. Due to the changing charac-
teristics of leachate as the landfill ages, the efficiency of conventional treat-
ment methods are becoming insufficient for completely eliminating its
negative impact on receiving water bodies (Renou et al., 2008). This will
inevitably require additional treatment stages consisting of more advanced
processes to remove the refractory and toxic compounds present in leach-
ate. Rapid urbanization is another pressure on leachate management sys-
tems, particularly in countries with a high population growth rate. For
instance, Yu et al. (2010) reported that the capacity of on-site leachate
treatment plant had become insufficient to treat all the leachate produced
in Xingfeng Municipal Solid Waste Sanitary Landfill, located in Guangzhou
metropolitan city, China, due to rapid increase of solid waste in parallel
with population growth. Thus, the capacities and performance of leachate
treatment plants are challenged by several factors such as increasing vol-
umes, changing composition and more restricted discharge standards.
Co-treatment of leachate and municipal wastewater in publicly owned

WWTPs is one of the most commonly applied methods for leachate man-
agement. Depending on the spare capacity of the WWTP and leachate
composition, it is possible to co-treat leachate with municipal wastewater
to some extent after conveyance either by truck and/or the sewer system.
Joint treatment of leachate in municipal WWTPs has several merits and
demerits (Table 2). Mixing of leachate with domestic wastewater improves
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its biological treatability, through dilution of conventional pollutants and
toxic compounds, and balances its nutrient composition. It also requires
less capital investment by using preexisting wastewater collection and treat-
ment systems. On the other hand, leachate co-treatment increases the pol-
lutant loads, especially COD and nitrogen, of the WWTPs and makes it
difficult to comply with the discharge standards. It was reported that 51%
(0.56 million m3 in 2013) of leachate was co-treated in WWTPs and 49%
by on-site treatment in Republic of Ireland (EPA, 2013; Brennan et al.,
2016). The ratio of co-treatment was reported as 21% in France (Renou
et al., 2008). Meeroff and Teegavarapu (2010) conducted a survey in 52
landfill sites located Florida, USA and reported that 18 sites were discharg-
ing leachate without pretreatment to municipal sewer connected to a
WWTP. Moreover, 10 landfills were discharging to sewers after leachate
recirculation and with or without pretreatment. Additionally, five landfill
operators responded that they were hauling leachate to nearest WWTP for
co-treatment. In a follow-up study, Townsend et al. (2015) confirmed that
most common method of leachate management in Florida is still off-site
treatment at WWTPs. A survey extended to whole USA highlighted that
co-treatment in publicly owned WWTPs is the primary method (62%, sam-
ple size: 276) for leachate management (Staley & Bolyard, 2018). A similar
survey was carried out in Portugal by Martinho and Santos (2011) who
reported that, of 36 landfills, only 4 directly discharged leachate to waste-
water collection systems for complete treatment at municipal WWTPs.
Moreover, 16 landfill sites reported that they performed partial treatment
before discharge to off-site treatment facility. Although leachate co-treat-
ment is commonly undertaken in many different regions of the world,
increasingly stringent discharge standards have raised the question if it is

Table 2. Potential advantages and disadvantages of leachate co-treatment in municipal WWTPs.
Advantages Disadvantages

� Increased biological treatability of
leachate due to dilution of
toxic substances

� Improved biological treatment
efficiency due to balanced nutrient
composition (COD:TN, COD:TP)

� Less capital investment by using
already existing public assets
(wastewater collection and
treatment system)

� More efficient use of public assets
and budget

� Generally, more trained personnel are
available in WWTPs whereas landfill
operators are not necessarily skilled in
operating wastewater (leachate)
treatment facilities.

� Higher operational costs of municipal WWTPs due to
increased organic matter and nitrogen loads

� Difficulties in complying with discharge standards,
especially nitrogen limits

� Toxicity in biological treatment due heavy metals and
toxic organic compounds in leachate

� Inhibition of nitrification due to FA and nitrous acid
accumulation

� Metal accumulation in excess sludge and restriction of
biosolids end use in agriculture

� Increased sludge production in municipal WWTPs due
to additional organic load from leachate

� Difficulties in maintaining dissolved oxygen set points
in aeration tanks depending on the feeding regime of
leachate and aeration capacity of the plant

� Lack of sufficient alkalinity for nitrification process
� Refractory compounds in the effluent may decrease

disinfection efficiency and increase by-
product formation
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still sustainable to co-treat leachate and wastewater considering the chal-
lenges in achieving effluent limits, the costs and operational difficulties. For
instance, it was reported that the number of plants accepting leachate
declined by 30% between 2010 and 2015 in Ireland, mainly due to non-
compliance with TN and NH4-N limits when co-treating leachate (Brennan
et al., 2016). Staley and Bolyard (2018) reported 13 out of 60 landfills in the
US were prohibited to discharge leachate to sewer systems due to restrictions
in flow, organic load, ammonium and sodium parameters.
Although co-treatment of leachate and wastewater is widely practiced, so

far there have been no dedicated review paper that compiles and critically
evaluates the results from laboratory, pilot and full-scale studies. Moreover,
in the last two decades several new treatment processes have been devel-
oped and the wastewater treatment concept has evolved from basic sanita-
tion to a resource recovery concept with a higher priority on energy
management than heretofore. Thus, this review was undertaken to present
scientific and practical knowledge on leachate co-treatment in WWTPs and
to discuss opportunities and challenges in the context of new
developments.

2. Co-treatment of Leachate

2.1. Aerobic processes

2.1.1. Laboratory and pilot scale studies
The activated sludge process using SBRs is, by far the most widely investi-
gated method for leachate co-treatment with municipal wastewater under
laboratory conditions (Table 3) (Neczaj et al., 2007; Wang, Li et al., 2018).
This is most probably due to the simplicity of system set-up and the flexi-
bility of control and operation of SBRs for research purposes. Although,
substrate, nutrient and pH dynamics in a SBR system are considerably dif-
ferent than a continuous flow reactors (i.e. most large scale municipal
WWTPs), the dynamics and loading regime of a SBR gives some insight
about what is happening including shock loading of leachate. It is also
important to note that some of the studies were conducted by using simu-
lated leachate and municipal wastewater, which may impair the translation
of results and conclusions to practical applications. In contrast, real leach-
ate and municipal wastewater contains various organic and inorganic com-
pounds which may be toxic or nontoxic and effect the efficiency of
biological treatment systems. The performance of laboratory-scale reactors
co-treating leachate is summarized in Table 3. It is noted that due to the
different characteristics of leachate, reactor type and operating conditions,
the pollutant removal efficiencies change in a broad range. Therefore,
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Table 3. Performance of laboratory and pilot scale activated sludge systems on co-treatment of leachate and wastewater.

Wastewater type

Leachate
mixing

ratio (% v/v)
Reactor
type

Reactor
volume (L) HRT (day)

F:M (g
COD/g
TSS/day)

SRT
(day)

COD
removal
(%)

BOD
removal
(%)

NH4-N
removal
(%)

TN
removal
(%)

TP
removal
(%) References

Leachate and
synthetic wastewater

20-40 SBR 12 0.8-1.2 0.08-0.37 – <85 – 55-94 0-70 – Capodici et al. (2019)

Leachate and
municipal wastewater

0.5-5 A2O (3 CSTR in
seriesþ Settling tank)

27þ 5.5 1 – – 85-97 99 60-98 60-87 30-99 Fudala-Ksiazek
et al. (2018)

Leachate and
domestic wastewater

0, 1, 3, 5 SBR 9 0.75 – 20 – – – 23-48 26-75 Zheng et al. (2019)

Leachate and
domestic wastewater

0, 2, 5 CSTRþ Settling tank 95þ 30 1 – 20 60-811 – 50-80 – – Ferraz et al. (2016)

Leachate and
municipal wastewater

2-20 SBR – 2.5-6.0 – 30 50-85 – 56-90 – – Ranjan et al. (2016)

Leachate and
municipal wastewater

2.5, 5, 10 SBR 3 – 10 63-87 – 8-60 24-55 25-100 Yuan et al. (2016)

Leachate and
synthetic wastewater

0, 0.2, 2, 5 Batch CSTR 10 20 – – 44-901 93-98 – – – Campos et al. (2014)

Leachate and
synthetic wastewater

10, 50 SBR 4.5 6.91-7.4 0.1-0.12 – 89-92 – 77-81 – – Capodici et al. (2014)

Leachate and
domestic wastewater

0, 2, 5 Submerged
anaerobic biofilter

178 1 – – 76-80 98 77-83 – – Ferraz et al. (2014)

Leachate and
municipal wastewater

1, 2, 5, 10 SBR 8 0.5-1 – 70-92 60-90 >90 72-99 59-81 40-80 Fudala-Ksiazek
et al. (2014)

Leachate and
municipal wastewater

– SBR 5 – – 45-60 – 25-50 – – Trabelsi et al. (2013)

Leachate and
municipal wastewater

1, 10 A2O (3 CSTR in seriesþ
Settling tank)

14 1.5-1.6 0.07-0.24 64-78 93-97 90-98 – – Kalka (2012)

Leachate and
domestic wastewater

0.1, 0.2, 0.3, 0.4 A2O (4 CSTR in seriesþ
Settling tank)

3800þ 900 0.29-0.46 – 12 66-84 – 32-62 – 79-84 Yu et al. (2010)

Leachate and
domestic wastewater

10 SBR 5 1.33 – 10 75-92 – 55-75 – – Neczaj et al. (2007)

Leachate and
synthetic wastewater

6.7, 13.3 CSTRþ Settling tank 3.6þ 2.5 1.3 0.36-1.112 >10 82-93 – 67-77 – – Aktas and Çeçen (2004)

Leachate and
municipal wastewater

0-10 CSTRþ Settling tank 2þ 0.85 0.08-0 .33 – 9.3 53-65 – 35-82 – – Del Borghi et al. (2003)

Leachate and
domestic wastewater

10 SBR 4 2 – – 68-86 71-99 – 35-63 – Diamadopoulos
et al. (1997)

1Reported as sCOD.
2Reported as g sCOD/g mixed liquor volatile suspended solids/day.
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comparison of removal efficiency should also be supported by other param-
eters such as mass loading and/or removal rates per reactor volume
per day.

2.1.2. Mixing ratio. Several studies reported a decreasing treatment efficiency
when co-treating leachate at increased volumetric additions. There may be
several reasons behind that such as increased organic and nitrogen loads,
elevated inert organic matter and nitrogen concentrations, and increased
toxicity due to leachate addition. Fudala-Ksiazek et al. (2014) reported a
decreasing trend in COD, BOD, TN and TSS removal efficiency in a
laboratory-scale SBRs as the volumetric mixing ratio of leachate was raised
from 1% to 10%. Del Borghi et al. (2003) reported that the COD and
ammonium removal efficiency in batch and continuous laboratory-scale
aerobic reactors dropped sharply when volumetric leachate mixing ratio
was increased more than 15%. Furthermore, they obtained poor COD and
ammonia removal efficiencies in all investigated mixing ratios (5% to 20%).
Ranjan et al. (2016) stated that leachate can be treated with wastewater up
to 10% and 25% without any deterioration in COD removal and nitrifica-
tion performance, respectively, in SBRs. Yuan et al. (2016) reported that
high inert COD content of leachate remarkably decreased COD removal
from 87% to 63% when the mixing ratio was increased from 2.5% to 10%
in laboratory-scale SBRs. Ferraz et al. (2016) co-treated leachate and
domestic wastewater at different volumetric mixing ratios (0, 2 and 5%) in
a pilot scale activated sludge process. They observed a deteriorating treat-
ment efficiency in terms of DOC, sCOD and TAN as the mixing ratio
increased. The elevation of DOC and sCOD concentrations in the effluent
can be attributed to the increased inert COD contribution of the leachate
at higher mixing ratios.
Maximum allowable volumetric mixing ratio is dependent on several fac-

tors such as leachate and wastewater characteristics, treatment configur-
ation and design, and operation conditions. For instance, in laboratory-
scale experiments Brennan et al. (2017) observed mature leachate loaded at
volumetric rates of up to 4%, did not significantly inhibit the nitrification
processes, whereas young leachate, loaded at volumetric rates greater of
than 2%, resulted in a significant decrease in nitrification. Kalka (2012)
tested the co-treatment of young and old landfill leachates in laboratory-
scale A2O systems with two different mixing ratios (1% and 10%) and
reported that it was not possible to meet the EU discharge standards when
co-treating young landfill leachate with 10% mixing ratio. All in all, volu-
metric leachate mixing ratio should be regarded with caution, since it gives
no information about leachate characteristics and increases in organic mat-
ter and nitrogen loads of co-treatment plants.
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2.1.3. Biomass activity. It is observed that the addition of leachate up to a
certain threshold does not affect biological treatment performance and even
sometimes stimulates biomass activity due to increased substrate availabil-
ity. Ranjan et al. (2016) reported no statistically significant difference in
biomass yield at up to 30% leachate mixing, whereas above 30%, the
observed yield decreased markedly indicating inhibition of growth. Çeçen
and Çakıro�glu (2001) observed a marked decrease in biological reaction
rates when the leachate COD reached 50% of the initial COD or leachate
and wastewater mixing ratio approached to 20%. Berry and Lin (1997)
noted an increased biomass yield and SOUR when the leachate and muni-
cipal wastewater was treated in laboratory-scale SBRs with a volumetric
mixing ratio up to 5%. The remarkable reduction in SOUR, when the
leachate addition was increased to 40%, led to a recommendation of avoid-
ing shock loads for better operation and control of WWTPs. Capodici
et al. (2014) reported that oxygen uptake rates of heterotrophs were
enhanced when the leachate mixing ratio was increased from 10% to 50%,
indicating acclimatization and stimulation of biomass to degrade the pollu-
tants present in leachate. Similar to the other studies (Aktaş & Çeçen, 2004;
Fudala-Ksiazek et al., 2014; Yuan et al., 2016), Del Borghi et al. (2003)
observed an increase in nitrification rate of biomass as the mixing ratio
was increased, possibly due to adaptation of nitrifiers.
Yuan et al. (2016) investigated the effect of air stripping, as a pretreat-

ment, on the performance of laboratory-scale SBRs co-treating leachate and
municipal wastewater (2.5, 5 and 10% v/v). They also conducted control
experiments with non-pretreated leachate. Their long-term study showed
that even at a mixing ratio of 10%, high nitrogen content (722mg/L) of
non pretreated leachate did not have a negative effect on nitrification pro-
cess. Non pretreated leachate addition even improved the specific nitrifica-
tion rate of the biomass from 3.8 to 8.3mg NH4-N/g VSS.h indicating the
enrichment and adaptation of nitrifying bacteria. Similar results, on adapta-
tion of nitrifying bacteria and improved nitrification rate, were also
reported by Çeçen and Çakıro�glu (2001) when co-treating leachate with
synthetic wastewater. Additionally, in the study of Yuan et al. (2016)
denitrification and phosphorus removal performance of the reactors oper-
ated with leachate addition were superior compared to the control reactor.
They concluded that there exists an optimum leachate mixing ratio which
can improve biological nutrient (nitrogen and phosphorus) removal per-
formance as a result of elevated readily degradable COD. This was reported
as 10% and 2.5% (v/v) for denitrification and biological phosphorus
removal, respectively, for their case. Biological nutrient removal processes
are dependent on availability of biodegradable organic matter such as vola-
tile fatty acids. Young landfill leachates containing relatively high
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concentrations of readily degradable organic compounds can stimulate
denitrification and phosphorus uptake (Ye et al., 2014; Zheng et al., 2019).
Nevertheless, optimum leachate dosing should be determined specifically
for any system based on leachate and operation characteristics.

2.1.4. Short-cut nitrogen removal and free ammonia inhibition. Partial nitrifica-
tion and shortcut denitrification processes can decrease the aeration and
organic carbon requirement for nitrogen removal when co-treating leach-
ate. Diamadopoulos et al. (1997) observed an insufficient nitrogen removal
efficiency due to carbon limitation while co-treating leachate with a 10%
mixing ratio in a laboratory-scale SBR. Fudala-Ksiazek et al. (2014) investi-
gated nitrogen removal via the nitrite pathway during wastewater co-treat-
ment with nitrogen-rich (2045mg/L) landfill leachate in a SBR at different
mixing ratios (1%, 2%. 5%, 10%). They observed a deterioration in TN
removal performance and a shift to the shortcut denitrification process
mainly due to inhibition and wash-out of NOB at high FA concentrations
(8-9mg/L), as a result of high pH (>8), at volumetric mixing ratios over
5%. It has been reported that NOB are more prone to FA inhibition than
AOB (Ge et al., 2015). The nitrite concentrations increased up to 70mg/L
indicated organic carbon shortage in the process. Ferraz et al. (2016) attrib-
uted reduced TAN removal efficiency to FA inhibition at elevated leachate
mixing ratios (0, 2 and 5%) in a pilot scale activated sludge process. The
reported FA concentrations were 0.24, 1.6 and 2.6mg/L at increased mixing
ratios. On the other hand, the reported nitrite and nitrate concentrations
were 0.5 and 9mg/L, respectively, indicating no nitrite accumulation as a
sign of inhibition. Thus, in this case presence of various other toxic com-
pounds in leachate may also contribute to inhibition of nitrification pro-
cess. Brennan et al. (2017) observed a decrease in alkalinity and increased
FA concentrations, that can be detrimental for nitrification, when young
landfill leachate was co-treated with wastewater at a mixture ratio of 10%
in laboratory-scale SBRs. In order to achieve a high nitrogen removal per-
formance, SBRs can be optimized by careful control of pH and dissolved
oxygen, by adjusting reaction phases, cycle durations and/or adding exter-
nal carbon.

2.1.5. Inert COD removal. Kalka (2012) observed significantly higher effluent
organic nitrogen concentrations when co-treating old landfill leachate com-
pared to young landfill leachate. This is possibly due to higher concentra-
tions of nitrogen containing non-biodegradable organic matter such as
humic and fulvic acids present in old landfill leachate. Aktaş and Çeçen
(2004) proposed dosing activated carbon to reactors co-treating leachate in
order to remove the residual soluble inert COD, mainly originating form
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leachate, by adsorption. They observed an improved COD removal effi-
ciency with PAC addition, particularly when the volumetric leachate ratio
exceeds 10%. However, the applied PAC concentrations were quite high
(up to 3000mg/L) which makes the economic feasibility of continuous
PAC dosing questionable. On the other hand, the proposed strategy may
be applied at shock leachate dosing periods as a precaution as stated by the
authors. The effectiveness of PAC was also confirmed in full-scale reactors.
For instance, Zhao et al. (2012) reported an on-site activated sludge system
with PAC addition (10% of mixed liquor suspended solids) performed sig-
nificantly better than an on-site SBR system in removing UV-light absorb-
ing refractory materials present in leachate. Trabelsi et al. (2013) tested the
performance of FeCl3 (2 and 5 g/L) and Al2(SO4)3 (2 and 5 g/L) in remov-
ing COD, NH4-N and colour as a polishing step after biological co-treat-
ment in a SBR. Although chemical precipitation with Al2(SO4)3 was found
more effective in COD and color removal, both chemicals significantly
increased sludge production.

2.1.6. Full-scale studies
Co-treatment of leachate in municipal WWTPs is a widely implemented
strategy, however there are only a few studies reporting the performance of
full-scale WWTPs practicing leachate co-treatment (Table 4). Schuk and
James (1986) recommended that if leachate is to be co-treated in a WWTP,
the capacity of the aeration system, clarifiers and sludge processing equip-
ment should be checked before a decision is made and if possible, leachate
dosing should be applied at off-peak hours. For instance, Booth et al.
(1996) evaluated the possibility of leachate co-treatment in Waterloo
WWTP by checking its spare capacity and estimating the future leachate
composition and flow. They concluded that the volumetric mixing ratio
and the increase of BOD and ammonia loads due to leachate addition
(which in this case were 0.14%, 2.3% and 2.1%, respectively), would result
in an insignificant impact on the Waterloo WWTP.
Leachate can be fed into different points in a WWTP (Figure 1).

Pretreated or raw leachate can be conveyed to the plant through a sewer
system (feed point-1 in Figure 1). If the landfill is connected to the sewer
pipes of a municipality or located close to an existing WWTP, this option
is applicable. When leachate is trucked to a WWTP, it is generally stored
in tanks depending on the availability of these facilities on site (EPA,
2017). Leachate storage tanks can help buffer the fluctuations of flow and
pollutant concentrations, depending on the hydraulic retention time of the
tank (Noyes, 1994; Pala & Erden, 2004). They also allow leachate to be fed
to the activated sludge process (feed point-2 in Figure 2) during off-peak
hours (Dereli, Giberti, Liu, Casey et al., 2020). Besides, young leachates
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Table 4. Performance of full-scale systems for co-treatment of leachate and wastewater.

Wastewater type

Leachate
mixing

ratio (% v/v) Process type
Capacity
(m3/day)

HRT
(h)

SRT
(day)

COD
removal
(%)

BOD
removal
(%)

NH4-N
removal
(%)

TN
removal
(%)

TP
removal
(%) References

Leachate and municipal
wastewater

1.17 – 1,0001 – – 88-91 97-99 91-96 0-392 – Brennan et al. (2017)

Leachate and municipal
wastewater

2.3 – 5,0001 – – 88-93 91-94 87-98 20-292 – Brennan et al. (2017)

Pretreated MSWI leachate
and municipal wastewater

0.031-0.063 Two stage biological
filter for carbon and
nitrogen removal

240,000 1.5 1 - – – 49-65 – Ye et al. (2014)

Leachate and domestic
wastewater

0.002 A2O 220,000 11 12 83 93 57 77 Yu et al. (2010)

1Calculated by multiplying reported PE and per capita wastewater generation (200 L/PE/day).
2Reported as filtered TN.
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with high biodegradability can be fed to anaerobic sludge digesters (feed
point-3) to boost methane generation, whereas old leachates with high
nitrogen content can be treated in reject water treatment units (feed point-
4) such as PN/A reactors and ammonia stripping columns (Figure 1).
Brennan et al. (2017) investigated the impact of leachate dosing strategy

(no-leachate, drip-feeding, shock loading) on the performance of two
WWTPs treating municipal sewage. The capacity utilization (operating PE/
design PE) of the first and second WWTP were 40% and 76%, respectively.
In the first WWTP, the leachate dosing strategy did not have a statistically
significant effect on COD, BOD, filtered TN and NH4-N removal efficien-
cies even when the leachate volumetric and TN load instantaneously
increased up to 16% and 40% of total WWTP load, respectively, during
shock feeding periods. On the other hand, significantly lower effluent NH4-
N concentrations were observed in the second WWTP when the instantan-
eous volumetric leachate load decreased from 15% to 2%. This did not
have a major impact on COD and BOD removal which indicates that the
carbon removal process was not as limiting as the nitrification process for
this WWTP. They observed increased NO3-N concentrations during low
leachate loading and attributed this to inhibition of AOB during high
leachate loading periods. Another plausible explanation may also be the
reduced leachate COD load, which can decrease the denitrification effi-
ciency, during low leachate loading period. Considering the fact that the
capacity usage in WWTPs is an important factor that determines the spare
capacity for additional pollutant loads from leachate, co-treatment should
be evaluated on a case-by-case basis.
Even if the aeration capacity is sufficient for full nitrification when co-

treating leachate, the denitrification capacity of the plant may not be

Figure 1. Possible leachate feed points in a municipal WWTP.
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sufficient to obtain high nitrogen removal efficiency for several reasons.
These can include the unavailability of adequate anoxic volume, insufficient
internal recirculation pump capacity and/or simply a low COD content in
the incoming wastewater because of dilution with infiltration and run-off.
Yu et al. (2010) investigated the co-treatment of leachate with municipal
wastewater in pilot- and full-scale WWTPs configured as classical A2O
processes. In this specific case, the COD concentrations and COD:TN ratio
of wastewater were quite low (186mg/L and 4.4, respectively) due to dilu-
tion in the sewer system. Therefore, it was very difficult to comply with
TN discharge standards (�20mg/L) due to organic matter limitation in the
denitrification process. As a result, the optimum volumetric mixture for
leachate and municipal wastewater was as low as 0.2% for both pilot
reactor and full-scale WWTP. Ye et al. (2014) investigated the possibility of
using pretreated (coagulation, flocculation, solids separation and ammonia
stripping at pH 12) MSWI leachate with high biodegradability in a full-
scale WWTP as an external carbon source. The WWTP consisted of a two-
stage biological filter process for carbon and nitrogen removal. The plant
with an average dry weather flow of 240,000m3/day was strictly carbon
limited, thus, methanol and industrial wastewater were used to enhance
denitrification performance to comply with TN discharge limit of 20mg/L.
MSWI was fed to the sludge dewatering unit of the treatment plant for
3months and it was observed that at a dosing rate of 75m3/day, it was pos-
sible to both achieve the TN discharge standard and significantly reduce
the methanol dosage. Moreover, from an economic point of view, it was
calculated that co-treatment in the WWTP costs significantly lower than
the total cost for separate treatment of municipal wastewater and
MSWI leachate.
By conducting conservative mass balances, Bolyard and Reinhart (2017)

estimated the nitrogen removal performance of WWTPs with different
configurations co-treating leachate with volumetric mixing ratios of 0.01,
0.1, 1 and 10%. The calculations were done by using the TN and rDON
concentrations in different leachates. They concluded that it is possible to
comply a TN discharge standard of 10mg/L up to a leachate mixing ratio
of 1%, however achieving a TN limit of 3mg/L is very difficult even at a
very low mixing ratios due to the presence of rDON in the leachate. It
was estimated that rDON in the WWTP discharge may even be greater
than 3mg/L when the leachate was mixed with influent at a volumetric
ratio of 10%. The rDON fraction of leachate is particularly important for
WWTPs since it may pass through the system without biodegradation
and contribute to the final effluent TN concentration. Thus, quantifying
rDON concentrations are quite important for WWTPs with low TN dis-
charge limits.
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Table 5. Performance of laboratory-scale anaerobic reactors for co-treatment of leachate and wastewater.

Wastewater type

Leachate
mixing

ratio (% v/v)
Reactor
type

Reactor
volume
(L) Temperature

HRT
(day)

OLR (g
COD/m3.day)

COD
removal
(%)

NH4-N
removal
(%)

TP
removal
(%)

Methane
yield (m3/kg
CODremoved References

Leachate and synthetic
wastewater

0, 33, 67, 100 UASB 5 37 1 2 24-93 – 0-82 0.024-0.23 Kawai et al. (2012)

Leachate and synthetic
wastewater

30-802 UASB 2.8 20-35 0.5 3 32-91 – – – Singh and Mittal (2012)

Leachate and wastewater 0-5 UASB 6 27 0.33-1 2.84 70 – – – Torres et al. (2009)
Leachate and wastewater 2, 2.5 UASB 16.25 35 0.36-1.04 0.51-2.95 47-86 – – – Yangin et al. (2002)
Leachate and septic tank slurry 25, 33, 501 UASB 13.5 35 1.5-10 1.21-7.48 42-68 42-58 36-46 0.073-0.1874 Lin et al. (2000)
Leachate and septic tank slurry 0, 25, 33, 501 CSTR 4 35 5.3-20 0.3-1.4 67-863 40-69 35-86 0.245-0.336 Lin et al. (1999)
1Based on influent COD.
2Based on influent organic load.
3Reported as sCOD.
4Reported as m3/kg sCOD.
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2.2. Anaerobic processes

2.2.1. Co-treatment with municipal wastewater
Anaerobic co-treatment of leachate and municipal wastewater is not as
common as aerobic treatment both in practice and in scientific research
(Table 5). This is quite normal considering the fact that the application
of anaerobic processes for municipal wastewater treatment is limited com-
pared to aerobic processes. Anaerobic treatment of municipal wastewater
has some techno-economic constraints, such as comparatively low effi-
ciency, high reactor volume requirement, high heat or a temperate climate
requirement and fugitive methane emissions due to dissolved methane
(Yangin Gomec, 2010; Ozgun et al., 2013, Ersahin et al., 2019).
On the other hand, Luo et al. (2015) indicated that young landfill leach-

ates have a high potential for anaerobic digestion owing to their high
strength, high degradability (high BOD:COD ratio) and low TSS concentra-
tion which is beneficial in anaerobic granular sludge bed reactor and filters.
CaCO3 precipitation, FA and hydrogen sulphide inhibition were identified
as the main problems in anaerobic treatment of young leachates. FA inhib-
ition of methanogens is generally not pronounced for co-treatment of
leachate with municipal wastewater, since the ammonia levels would be sig-
nificantly diluted. Whereas it may pose an important problem for anaerobic
treatment of leachate as a single substrate (Calli et al., 2005). Anaerobic co-
treatment of young leachates with municipal wastewater may improve the
feasibility of the system by boosting methane generation and energy recov-
ery. On the other hand, it should be noted that restriction of organic waste
dumping to landfills due to the application of regulations, ie. EU Landfill
Directive (EC, 2001), can lead to a major change in leachate composition
and limit the anaerobic co-treatment potential of even young land-
fill leachates.
Due to its high organic matter content, leachate can increase the strength

of municipal wastewater and therefore the methane production in anaer-
obic treatment. Torres et al. (2009) investigated leachate co-treatment with
sewage in an UASB reactor. As expected leachate mixing even at a volu-
metric ratio of 5% doubled pollutant concentrations in the influent.
Around 70% COD removal was reported with a HRT of 8 h and a mean
VLR of 2.84 kg COD/m3.day while co-treating leachate. Similar results were
also reported by Yangin et al. (2002) who co-treated leachate with munici-
pal wastewater at mixing ratios of 2% and 2.5%. They obtained 58% and
85% COD removal efficiencies at VLRs of 0.63 and 2 kg COD/m3.day,
respectively. They suggested MAP precipitation as a posttreatment to
reduce nitrogen and phosphorus concentrations of the final effluent. Singh
and Mittal (2012) operated a UASB rector treating leachate and synthetic
wastewater mixture at a VLR and HRT of 3 kg COD/m3.day and 12 h,
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respectively. The sCOD removal efficiency ranged between 67% and 91%
for young leachate, whereas it decreased drastically to 35% from 90% for
old leachate having high toxicity. Lin et al. (2000) investigated the co-treat-
ment of leachate and septic tank slurry in an UASB reactor at 1:3, 1:2 and
1:1 mixing ratios based on COD. They obtained 42% total COD removal at
a VLR and HRT of 6.7 kg COD/m3.day and 1.5 days, respectively. The
results were comparable to their previous study (Lin et al., 1999) in which
they reported 52% COD removal in a CSTR operated at the same mixing
ratio with a VLR and HRT of 1.27 kg COD/m3.day and 5.3 days, respect-
ively. This indicates the advantage of UASB reactors in terms of higher
applicable VLRs and reduced HRTs, which decreases the required reactor
volume for treatment.
El-Gohary and Kamel (2016) compared the performance of anaerobic,

aerobic and anaerobic-aerobic co-treatment of young landfill leachate with
municipal wastewater at three different volumetric mixing ratios (5.9, 25
and 50%). They observed increasing COD and BOD removal efficiencies as
the mixing ratio increased in all reactors, but the anaerobic-aerobic config-
uration offered the best performance. The increasing removal efficiency in
this study may be attributed to improved biodegradability due to young
landfill leachate addition. They also observed elevated ammonium concen-
trations and nitrite accumulation in aerobic and anaerobic-aerobic reactors
at increased leachate mixing ratios. Kawai et al. (2012) investigated the co-
treatment of mature leachate and completely degradable synthetic waste-
water in a laboratory-scale UASB reactor under mesophilic conditions.
They increased volumetric leachate addition from 0% to 100% and then
decreased in a step-wise manner. The COD removal decreased as the leach-
ate addition was increased and when treating solely leachate methane pro-
duction completely ceased, indicating a strong inhibition. However, the
inhibition seemed to be reversible as the leachate mixing ratio gradually
decreased. Interestingly, the reactor started to generate more methane than
theoretically expected. This may be due to adaptation of biomass or con-
version of non-degraded material present in the reactor from the previous
stages of operation.

2.2.2. Co-treatment with sewage sludge
Co-treatment of leachate with sewage sludge refers to feeding leachate to
anaerobic digesters treating primary and/or wasted activated sludge in
WWTPs. Although there is a limited potential for anaerobic co-treatment
of leachate in mainstream wastewater treatment process, there is a high
potential, especially for young leachates, for co-treatment in anaerobic
sludge digesters in WWTPs. Anaerobic sludge digesters are typically under-
loaded CSTRs which can be supplemented with co-substrates, such as
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OFMSW, manure and industrial slurries, to boost the biogas production
(Dereli et al., 2010; Ersahin et al., 2011). Addition of leachate to sewage
sludge can increase the VFA and dissolved organic matter content of the
influent of anaerobic digesters. Highly biodegradable organic matter (espe-
cially VFAs, simple sugars and proteins) in young landfill leachates can be
easily converted to methane when it is fed to anaerobic sludge digesters.
This can help incresing methane generation and energy recovery. However,
it also elevates nitrogen concentrations in digester supernatant which will
be recirculated to WWTP headworks (Montusiewicz & Lebiocka, 2011).
Performance of anaerobic laboratory-scale reactors for the co-treatment

of leachate and sewage sludge is summarized in Table 6. Luo et al. (2015)
reviewed anaerobic treatment of leachate and concluded that typical
methane production ranged between 0.3 and 0.4m3/kg CODremoved for the
leachates with BOD/COD ratio > 0.4. Biochemical methane potential of
leachate was reported as high as 682 L CH4/kg VSadded by Pastor et al.
(2013). Guven et al. (2018) investigated the co-treatment of leachate, sew-
age sludge and OFMSW in batch tests under mesophilic conditions.
Methane yield varied between 200 and 400 L CH4/kg VSadded at different
mixture ratios of the substrates. Montusiewicz and Lebiocka (2011) investi-
gated co-digestion of mature leachate and sewage sludge (primary and
secondary) at two different volumetric mixing ratios (1:20 and 1:10) by
CSTRs operated with a HRT of 18-20 days. The leachate addition increased
the methane yield by 16% (1:20) and 6% (1:10) compared to the control
reactor solely digesting sludge. They reported a methane generation of
0.72m3/kg VSremoved for leachate co-digestion with sludge under mesophilic
conditions.
Hombach et al. (2003) reported that a young landfill leachate (COD:

20,400mg/L) can be co-digested with sludge up to a volumetric mixing
ratio of 25% without having significant problems. When leachate was
added to laboratory-scale anaerobic digesters up to 12%, an increase in
methane production and VS removal was observed. Whereas at increased
mixing ratios, a further benefit was not achieved possibly due to decreased
HRT from 16 to 12.8 days. They also reported a better sludge dewaterability
indicated by reduced capillary suction times for co-digesters compared to
mono sludge digester. They concluded that diverting the leachate from the
mainstream WWTP to the anaerobic sludge digester in a full-scale plant
would result in a significant reduction in aeration demand and cost.

2.3. Toxicity after co-treatment

Landfill leachate can be a very toxic wastewater due to the presence of vari-
ous non-stabilized organic compounds, ammonia and high heavy metal

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 19

ALIREZA
Highlight

ALIREZA
Highlight

ALIREZA
Highlight
Co-Digestion in anaerobic digesters at high percentages without significant problems

ALIREZA
Highlight



Table 6. Performance of laboratory-scale anaerobic reactors for the co-treatment of leachate and sewage sludge (primary and waste activated).

Reactor type
Leachate mixing
ratio (% v/v)

Reactor
volume (L)

Temperature
(oC) HRT (day)

OLR
(kg VS/m3.day)

COD
removal (%)

VS
removal (%)

Methane yield
(m3/kg VSremoved) References

Batch CSTR 0, 5, 10, 20, 40 0.6 37 13 – 31-39 27-31 0.6-1.01 Berenjkar et al. (2019)
Batch CSTR 32.5, 50, 70, 78 0.3 37 50 – – 27-63 0.2-0.41 Guven et al. (2018)2

CSTR 0, 5 40 35 19-20 1.27-1.35 – 33-43 0.46-0.63 Montusiewicz (2014)
CSTR 0, 5, 10 40 35 18-20 1.36-1.47 30-42 31-38 0.65-0.76 Montusiewicz and

Lebiocka (2011)
CSTR 0, 7, 12, 20, 25 8 35 12.8-16 1-2 – 46-49 0.6-0.87 Hombach et al. (2003)
1Reported as m3/kg VSadded.
2In this study, leachate was mixed with sewage sludge and OFMSW.
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concentrations. Toxicity of leachate is dependent on the age of landfill and
the type of solid waste (i.e. hazardous waste, industrial waste, sewage
sludge, etc.) in its body. The toxicity of young landfill leachates are often
higher than that of old leachates (Ellouze et al., 2008; Kalka, 2012; Zhang
et al., 2013). Mannarino et al. (2010) showed that leachate has a signifi-
cantly higher toxicity compared to municipal sewage, whereas the mixture
of leachate with sewage with a ratio less than 1.5% (v/v) did not result in a
more toxic inflow for treatment than raw sewage. A significant reduction
in the toxicity of leachate can be observed after co-treatment with munici-
pal wastewater due to biodegradation of organic pollutants, stripping of
volatile compounds from aerated tanks, adsorption/bioaccumulation of
heavy metals on sludge flocs and simple dilution. However, the effluent can
still have toxicity on aquatic organisms even after biological treatment
(Kalka, 2012).
On the other hand, Ellouze et al. (2008) observed an adaptation of acti-

vated sludge to remove toxic compounds in leachate and a gradual reduc-
tion in effluent toxicity levels on long term operation of a lab-scale
reactor treating young landfill leachate. Kalka (2012) observed a remark-
able decrease in toxicity when leachate was co-treated in laboratory-scale
A2O systems with municipal wastewater at mixing ratios of 1 and 10%,
but the effluent still had residual acute toxicity on some of the test organ-
isms. Mannarino et al. (2010) observed a substantial toxicity reduction for
Danio rerio (zebra fish) after chemically enhanced primary treatment of
leachate and sewage, whereas no significant reduction in toxicity for
Daphnia similis (planktonic crustaceans) was monitored. Paskuliakova
et al. (2018) tested toxicity of leachate after microalgal treatment by using
bacterial-yeast (MARA), protistean (microalgae growth inhibition test),
crustacean (daphnia, rotifer) and higher plant (monocot, dicot) assays.
While some organisms (bacteria, daphnia, rotifer) showed different
degrees of toxicity, microalgae growth was even stimulated by the leachate
due to the presence of high nitrogen concentration. These results indicate
that the extent of toxicity reduction differs not only depending on the co-
treatment process, but also the type and trophic level of investigated
organism. Baderna et al. (2019) reviewed leachate toxicity assessment by
using in-vitro cell models, which more resemble human cell lines. They
concluded that even at low concentrations leachate is toxic, mutagenic,
genotoxic and estrogenic in vitro, confirming the serious hazard of this
wastewater for human health. Advanced oxidation processes, i.e. photo
Fenton, were found to be highly efficient in reducing toxicity and improv-
ing biodegradability of leachate (da Costa et al., 2018; Borba et al., 2019;
Colombo et al., 2019).
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2.4. Life cycle assessment of co-treatment

Di Maria and Sisani (2017) evaluated the LCA of different treatment
schemes, i.e., co-treatment in WWTPs, on-site RO and evaporation, based
on several impact categories. Although it seems that co-treatment is the
least favorable option in almost all categories such as freshwater eutrophi-
cation and fresh water ecotoxicity, it is stated that the results are largely
affected by the emissions due to the transport of leachate to WWTPs,
which is site specific. For instance, if the impact of leachate transfer is
excluded from comparison, leachate co-treatment seems to be more reason-
able compared to the other on-site treatment options. On the other hand,
the risks of a spill from an accident involving the transport vehicle should
also be considered in LCA (Meeroff & Teegavarapu, 2010). Nevertheless, a
high level of uncertainty is present in the LCA of leachate co-treatment
due to the treatment plant technology, treatment level, operation, discharge
limits and especially the method of leachate transfer. In a subsequent study,
Di Maria et al. (2018) assessed the life cycle of different treatment scenarios
such as a combination of on-site 1-stage evaporation and off-site (WWTP)
treatment, on-site 2-stage evaporation, on-site 3-stage RO and complete
off-site treatment in a WWTP. Here, the evaporator condensate and RO
concentrate were assumed as being transported and co-treated in the
WWTP. It was stated that the most important impact categories for leach-
ate treatment were toxicity to humans and impact on receiving waters in
terms of eutrophication and freshwater ecotoxicity. Off-site treatment and/
or RO concentrate in a WWTP seems to contribute to these impact catego-
ries more than the other scenarios. The results highlight that leachate co-
treatment in WWTPs is the least preferred option. However, it should be
stated that the potential adverse impacts of leachate co-treatment may be
mitigated by applying more advanced technologies such as (MBRs, adsorp-
tion and chemical oxidation processes). Moreover, an investment and oper-
ation cost analysis of the options should also be carried out to identify the
most environmentally friendly and economically sustainable methods for
leachate treatment.

2.5. Costs

Unfortunately, there are only a few reports about the capital and oper-
ational costs of leachate co-treatment (Environment Agency, 2007; EPA,
2017). Construction and electro-mechanical instrumentation of additional
units, such as leachate storage and pretreatment tanks, tertiary treatment
units, are the main capital costs that must be invested to integrate leach-
ate co-treatment in a WWTP. Moreover, leachate co-treatment will inevit-
ably bring additional operating costs to municipal WWTPs due to
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increased organic matter and nitrogen loads. Operational costs can be cal-
culated based on leachate flow and composition, method of leachate trans-
fer and hauling distance, pretreatment, level of treatment, process type of
the WWTP and discharge standards. Considering the fact that the leach-
ate should be treated at a minimum to secondary treatment level (carbon
and nitrogen removal), the major component determining operational
expenditure is the transfer cost. Staley and Bolyard (2018) found that co-
treatment in a WWTP by trucking leachate costs (29 $/m3) almost 2 times
more than on-site treatment (14 $/m3) in USA. For instance, the haulage
cost of leachate with 27m3 tankers to a WWTP at a distance of 70 km
was calculated as 14.9 e/m3 in Ireland (EPA, 2013). Meeroff and
Teegavarapu (2010) reported leachate hauling costs varying between 10.6
and 79.3 $/m3 for landfill operators in Florida, USA. Ye at al. (2014) cal-
culated the transportation cost of leachate from 15 km distance as 0.3
$/m3/km in China. The haulage cost of leachate is dependent on transfer
distance and the most critical risk is the volatility of fuel costs (Meeroff &
Teegavarapu, 2010).
Moreover, the main cost components that are expected to increase in

WWTP operation are chemicals (pH regulation, external carbon), energy
(additional air demand, pumping, sludge processing) and management
(labor, monitoring and maintenance). Ye at al. (2014) reported that the
reagent and operational costs would be 1.65 and 2.65 $/m3, respectively,
when leachate is pretreated by using coagulation and flocculation with
FeCl3 and CaO in a WWTP site in China. The Environment Agency of the
UK reported the total operational expenditure (plant operation, mainten-
ance, reagent, transport and discharge costs) of leachate co-treatment as
15.4-17.5 £/m3 (Environment Agency, 2007). When leachate was discharged
into sewer system, the cost of co-treatment in publicly owned WWTPs was
calculated as 10 $/m3 in USA (Staley & Bolyard, 2018). The Environmental
Protection Agency (EPA) of Ireland (2013) estimated the average marginal
cost of leachate treatment in a WWTP to vary between 0.83 and 1.89 e/m3.
WWTPs co-treating leachate may apply a gate fee based on leachate vol-
ume and/or pollutant load to off-set the increase in operational costs.
Meeroff and Teegavarapu (2010) reported a landfill that discharged leachate
to a WWTP was charged 0.84 $/m3 for co-treatment. The EPA (2013)
stated that landfill operators in Ireland were paying a gate fee ranging from
zero charge to 25 e/m3. The tariff structure was generally based on volume,
but there were a few cases with COD and ammonium load based pricing.
Considering the high variations in leachate properties, WWTP configur-
ation and discharge limitations, a techno-economic feasibility study must
be carried out in case by case basis before deciding acceptance of leachate
in a WWTP.
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3. Emerging Technologies

In the last few decades, several new wastewater treatment technologies have
been developed and commercialized based on advancements in process
engineering, material science, microbial monitoring tools, sensor technol-
ogy, data processing, control and automation. The motivation behind the
development and implementation of emerging wastewater treatment tech-
nologies include: energy efficiency, water reuse and material recovery initia-
tives, the need for the removal of emerging pollutants and mitigating
greenhouse gas, especially nitrous oxide, emissions of WWTPs. Although
there are currently very limited studies on application of these technologies
for co-treatment of leachate and municipal wastewater, it is anticipated that
these processes will be more frequently used in WWTPs. Therefore, there
is a need to document the performance of these technologies for leachate
treatment and co-treatment.

3.1. Anaerobic membrane bioreactors

AnMBRs are combinations of anaerobic bioreactors with membrane filtra-
tion systems as solid-liquid separation devices. AnMBRs have several
advantages, i.e., ability to treat high strength wastewaters with complete sol-
ids retention and excellent effluent quality, over conventional high rate
anaerobic treatment technologies (Dereli et al., 2012). In fact, this technol-
ogy is expected to fill in the gap between low loaded anaerobic digesters
for slurry treatment and high loaded anaerobic granular sludge bed reactors
for high strength soluble wastewater treatment (Liao et al., 2006; Dereli
et al., 2012).
As a high strength wastewater, landfill leachate can also be treated in

AnMBRs with a high efficiency. Zayen et al. (2010) achieved 90% COD
removal in a cross-flow AnMBR treating young landfill leachate at an OLR
of 6.27 kg COD/m3.day. Similarly, Mnif et al. (2012) obtained 86-94% COD
removal efficiency in an AnMBR operated at OLRs ranging between 4.5
and 10.2 kg COD/m3.day. Although these results on treatment performance
are promising, there are still concerns about long term reactor stability and
membrane performance of AnMBRs. When treating raw leachate in
AnMBRs, the main concerns are ammonia inhibition and membrane foul-
ing due to inorganic precipitation. Trzcinski and Stuckey (2016) reported
excessive calcium carbonate precipitation on the membrane of a submerged
AnMBR due to high carbon dioxide partial pressure. Similar results were
also reported by Jun et al. (2017) who observed severe membrane fouling
due to hydroxyapatite, dolomite and struvite precipitation when treating
food waste leachate with a cross-flow AnMBR. Although anaerobic micro-
organisms can adapt to FA toxicity to some extent, high nitrogen levels in
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young leachates may cause inhibition, especially at elevated pH, and
decrease reactor performance and stability.
On the other hand, these problems can be significantly reduced by suffi-

ciently diluting the leachate with municipal wastewater. Bohdziewicz et al.
(2008) obtained 90% COD removal efficiency in an AnMBR treating leach-
ate and synthetic wastewater mixture (20% v/v). The submerged AnMBR
was operated at HRT and OLR of 2 days and 2.5 kg COD/m3.day, respect-
ively. Although AnMBRs seem to be more feasible for high strength waste-
waters/slurries (Liao et al., 2006), there is a growing scientific interest on
using them for treatment of municipal wastewaters to produce nutrient
rich and pathogen free effluent for agricultural reuse (Ozgun et al., 2013).
AnMBRs also produce biogas which can be utilized as a renewable
energy source in order to improve the sustainability of municipal waste-
water treatment. Thus, co-treatment of leachate and municipal wastewater
in AnMBRs seem technically feasible.

3.2. Aerobic membrane bioreactors

MBRs are now a mature technology for the treatment of municipal and
industrial wastewaters with many full-scale installations at various sizes
(Judd, 2016; Judd, 2017, Krzeminski et al., 2017). MBRs offer several
advantages such as high effluent quality, smaller foot-print and lower excess
sludge production compared to conventional activated sludge systems.
They produce particle free effluents that can be reused for different pur-
poses such as agriculture and industrial process water.
MBRs have been already used for leachate treatment and it was reported

that several full-scale plants in Europe and China are currently in operation
(Wang et al., 2008; Lesjean & Huisjes, 2008; Zheng et al., 2010). The per-
formance of MBRs for leachate treatment was extensively reviewed by
Ahmed and Lan (2012). They concluded that under optimum operating
conditions MBRs could remove BOD, COD, NH4-N and TN with efficien-
cies greater than 95%, 75%, 90% and 70%, respectively. However, treatment
of landfill leachate by using MBRs offers several challenges and opportuni-
ties. Firstly, the complex structure of leachate may increase membrane
fouling and decrease membrane lifespan. Similar to their anaerobic coun-
terparts, MBRs are also prone to organic and inorganic fouling. Several
researchers reported that the fouling layer in MBRs treating leachate
contains complex inorganic precipitates such as FeSiO3, CaAl2O3,
Ca5(PO4)3OH, CaCO3, CaPO3OH, Mg2(PO4)OH (Trzcinski & Stuckey,
2016; Zhou, Zhuang et al., 2017). On the other hand, the main advantages
of MBRs in leachate treatment are stable performance in contrast to vari-
able influent flows and loads, and better micropollutant removal (Ahmed &
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Lan, 2012). Considering the fact that leachate contains several xenobiotic
compounds originating from hazardous household waste such as pesticides,
pharmaceuticals, personal care products, paints and detergents (Kjeldsen
et al., 2002; Slack et al., 2005), the superior performance of MBR technol-
ogy in removing these compounds is of great importance for mitigating
ecological risks of treated leachate discharges (Sui et al., 2017). MBRs
ensure a higher retention time for both these compounds and specialized
microorganisms, that can degrade them, thanks to the sieving effect of the
membranes (Boonnorat, Techkarnjanaruk et al., 2016). This would increase
their removal efficiency through adsorption and biodegradation processes
(Boonnorat, Chiemchaisri, C, et al., 2016; Zolfaghari et al., 2016).
Although MBRs are generally preferred for on-site leachate treatment, it

is possible to co-treat leachate in municipal WWTPs employing MBR
technology. Puszczało et al. (2010) investigated leachate and synthetic
wastewater treatment in a laboratory-scale MBR over a volumetric mixing
range of 3-40%. They observed a clear deterioration in the treatment per-
formance when the share of leachate was increased and concluded that
more than 89% COD and 60% TN removals can be obtained for leachate
mixing ratios between 3-10%. Similarly, Hasar et al. (2009) operated a
laboratory-scale MBR for co-treatment of young landfill leachate and muni-
cipal wastewater at mixing ratios between 5% and 20%. After the start up,
the reactor achieved more than 90% COD, 80% TN and 60% TP removals
under variable influent concentration and loads. These studies clearly high-
light that co-treatment of leachate and municipal wastewater in MBRs is
possible and it offers several advantages such as dilution of leachate and
better micropollutant removal. However, although joint treatment might be
currently applied in some full-scale MBR plants, there are no studies in lit-
erature reporting the performance of these plants.

3.3. Aerobic granular sludge systems

One of the most recent advancements in activated sludge process technol-
ogy is the development of aerobic granular biomass systems (Morgenroth
et al., 1997; Heijnen & Van Loosdrecht, 1998). These systems rely on devel-
opment of dense biomass aggregates, under hydraulic selective pressure
and high shear rate, with superior settling characteristics compared to flocs
in conventional activated sludge systems. AGS technology have several
advantages such as, ability to carry out carbon, nitrogen and phosphorus
removal in a single reactor, energy efficiency (no sludge recycling pumps
and mixers are required) and reduced foot print (no need for final clarifiers
for biomass and effluent separation), compared to floccular biomass based
activated sludge systems (Pronk et al., 2015). Moreover, granular biomass
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was reported as more resistant to organic shocks and toxic substances
which allows this technology to be applied to a wide range of municipal
and industrial wastewaters (Nancharaiah & Kiran Kumar Reddy, 2018).
Ren, Ferraz, Kang et al. (2017) compared the performance of floccular

and granular SBRs treating simulated old landfill leachate. The granular
SBR outperformed the floccular one in COD removal and nitrification effi-
ciency. The granular SBR could nitrify 465mg/L influent NH4-
Nconcentration with 95% efficiency. Nitrite accumulation was observed in
floccular SBR even at lower FA concentrations observed in granular SBR.
They reported that simultaneous nitrification and denitrification is an
important nitrogen removal mechanism for both reactors. In a similar
study, Ren, Ferraz, Lashkarizadeh et al. (2017) investigated the performan-
ces of floccular and granular SBRs treating simulated young landfill leach-
ate. Superior nitrification and carbon removal efficiencies were achieved
with granular SBR up to an influent total ammonium nitrogen concentra-
tion of 498mg/L. The nitrification performance of floccular SBR was
severely affected by FA and FNA inhibition that was indicated by nitrite
accumulation. This highlights the fact that biofilm systems, i.e., granules,
offer a good tolerance for toxic compounds by protecting the sensitive spe-
cies, in this case nitrifiers, within the biofilm matrix. It was concluded that
granular SBRs offer a good potential for high strength wastewater treatment
such as young and old leachates. However, it should be noted that these
studies were conducted with simulated leachate and it may be more difficult
to maintain granule stability and reactor performance when treating real
leachate containing high salinity and various toxic compounds.
Di Iaconi et al. (2006) conducted a study on high strength leachate treat-

ment (COD ¼ 24.4 g/L, TN ¼ 3.38 g/L) in a laboratory-scale sequencing
batch biofilter granular reactor. They obtained around 80% COD and 20%
NH4-N removal at an OLR of 1.1 kg COD/m3.day and attributed the poor
nitrification efficiency to high salinity and toxic compounds in raw leach-
ate. Another study on real leachate treatment with aerobic granular SBRs
was conducted by Wei et al. (2012). They observed excellent COD and
NH4-N removals (84% and 92%, respectively) when the leachate NH4-N
concentration was between 137 and 366mg/L. TN removal efficiency of the
system was highly dependent on the ammonium loading and high ammo-
nium loads led to poor nitrification performance mainly due to FA inhib-
ition. They stated that at low ammonia concentrations simultaneous
nitrification and denitrification was the main mechanism of nitrogen
removal, whereas at high ammonia loads short cut denitrification was dom-
inant. They concluded that pretreatment to decrease ammonia load to aer-
obic granular sludge systems was required to obtain a high efficiency when
treating landfill leachate.
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To-date, there are no reported studies on co-treatment of leachate and
municipal wastewater with AGS systems. However, it is expected that AGS
technology will be more widely implemented in municipal wastewater treat-
ment by construction of new plants, extension and/or retrofitting of exist-
ing activated sludge plants in the future. Therefore, it is of great
importance to investigate the performance of this technology for leachate
co-treatment.

3.4. Innovative nitrogen removal processes

Traditionally, nitrogen removal from municipal and industrial wastewater
is achieved by using well-established processes such as autotrophic nitrifica-
tion (aerobic conversion of ammonium to nitrate) and heterotrophic
denitrification (anoxic conversion of nitrate with organic carbon to nitro-
gen gas) (Lackner et al., 2014). However, conventional nitrification/denitri-
fication is quite energy intensive due to high oxygen requirements and
organic carbon dependent. The discovery of anammox in 800 paved the
way to develop a new nitrogen removal process referred as PN/A (Mulder,
1989; Cao et al., 2017). Since then several modifications of PN/A process
have been researched in laboratory-scale, patented, commercialized and
applied in full-scale (Lackner et al., 2014). PN relies on different growth
kinetics of ammonium and nitrite oxidizers and targets selective enrich-
ment of AOB by adjustment of reactor operation conditions (temperature,
pH and oxygen concentration). Ammonium is co-operatively converted to
nitrogen gas in PN/A systems, where about 50% of ammonium is first
turned into nitrite (nitritation) then ammonium and nitrite are co-metabo-
lized as electron donor and acceptor, respectively, in the subsequent process
(anammox). The anammox process eliminates the organic matter require-
ment of conventional denitrification and produces minimal sludge. Thus,
the PN/A process is quite suitable for nitrogen rich wastewaters with low
C:N ratios such as old landfill leachate. It was reported that more than 200
full-scale PN/A plants are in operation worldwide for the treatment of
high-strength ammonium wastewaters (Lackner et al., 2014; Cao
et al., 2017).
Employing PN/A for leachate treatment has substantial advantages such

as a decrease in aeration and consequent operational cost reduction, lower
requirements for external carbon and lower nitrous oxide emissions (Sri
Shalini & Joseph, 2012). In fact, leachate treatment with the PN/A proc-
esses has been extensively investigated by several researchers (Xu et al.,
2010; Miao et al., 2015; Wang, Gong et al., 2018) and there are already
some full-scale plants in operation (Lackner et al., 2014; Azari et al., 2017).
Especially treatment of old landfill leachates would logically require external
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carbon addition to obtain high denitrification efficiency in conventional
activated sludge plants. Thus, leachates with low BOD:COD ratio and high
ammonium concentrations are quite suitable for the PN/A process.
Mohammad-Pajooh et al. (2017) compared different retrofitting configura-
tions for existing in-situ leachate treatment plants in Germany in order to
effectively treat aged landfill leachates. They concluded that converting 17
plants with an average leachate inflow of 25,550m3/plant/year, to the dea-
monification/denitrification process is the most feasible option. This would
save e25,850 annually in each plant in terms of energy and external carbon
source. The primary concerns about bioreactor stability and performance
of PN/A system are mainly due to temperature variations, FA, FNA and
nitrite inhibition and other toxic compounds present in leachate. However,
some of these concerns can be addressed by strictly controlling the reactor’s
pH, DO and nitrite concentration by automation and through promoting
biofilm/granule formation in the reactor (Cao et al., 2017). Capodici et al.
(2019) achieved sable PN at ammonium loading rates between 0.30-0.50 kg
NH4-N/m

3.day and C:N ratio lower than 4, while treating medium aged
leachate with synthetic wastewater (20-40% v/v). They stated that optimiza-
tion of C:N ratio, volumetric mixing ratio and SBR operation parameters is
crucial for successful PN for the co-treatment of leachate.
Wu et al. (2015) successfully demonstrated the co-treatment of leachate

with municipal wastewater at a volumetric mixing ratio of 1:5 (COD: 580-
600mg/L, NH4-N: 400-410mg/L) in a laboratory-scale PN/A process con-
sisting of an UASB, A/O and anammox reactor. They obtained TN, NH4-N
and COD removal efficiencies of 94%, 98% and 89%, respectively, through
the entire system. In a following study, Wu et al. (2019) achieved 92% TN
removal while co-treating leachate with sewage (50% v/v). Although these
results are promising, the application of mainstream PN/A systems in
municipal WWTPs still require significant developments in terms reactor
design, operation and control, microbiology and final polishing to maintain
stable treatment performance (Cao et al., 2017). Lackner et al. (2014)’s
review also gives an indication of the trends in full-scale PN/A installations
being 75% of the plants were designed for the treatment of digester super-
natants in WWTPs. Therefore, there is a possibility to use these side-stream
PN/A units for leachate co-treatment in WWTPs.

3.5. Membrane aerated biofilm reactor

MABRs have been developed in order to address one of the main bottle-
necks of activated sludge systems; low oxygen transfer efficiency. The con-
ventional aeration systems such as diffusers rely on micro and macro air
bubbles in order to provide a high air/liquid contact area to transfer gasses
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from one phase to another. These systems typically have an efficiency range
of 25-35% which is dependent on bubble size, contact time and dissolved
oxygen gradient. Whereas in MABRs, oxygen is supplied through the
lumen of a membrane and the concentration gradient between the lumen
and bulk liquid provides a high gas transfer efficiency exceeding 70%.
Besides, the biofilm attached to the membrane surface further increases the
concentration gradient by consuming oxygen and provides concurrent
COD and nitrogen removal. MABR technology offers several advantages in
wastewater treatment such as high oxygen transfer efficiency and rate, low
energy consumption and small reactor footprint (Syron & Casey, 2008). It
is also possible to operate MABRs with pure oxygen thanks to the high
gas transfer rate and efficiencies which make operation with pure
oxygen feasible.
The stratification of biomass within biofilm developing in MABRs is

quite unique. Unlike regular biofilms, granules or activated sludge flocs, the
nitrifying bacteria is mainly located at the inner sections of biofilm,
attached to the membrane wall where the oxygen concentrations are high-
est, in MABRs (Martin & Nerenberg, 2012). This provides an important
protection for sensitive nitrifying bacteria against toxic shocks and inhibit-
ing compounds which are potentially present in landfill leachate. Syron
et al. (2015) reported promising results from a pilot-scale MABR treating
leachate with high NH4-N concentrations (0.5-2.5 g/L). They obtained 80-
99% nitrification efficiency at loading rates ranging between 1.4 to 6 g
NH4-N/m

2.day. It was also observed that conversion of ammonia to nitrite
and nitrate was dependent on several operating conditions such as air pres-
sure, oxygen transfer efficiency, biofilm thickness and mixed liquor pH.
These results suggest that MABRs can also be used for simultaneous nitrifi-
cation-denitrification and short cut nitrogen removal though nitrite forma-
tion by controlling oxygen flux to the attached biofilm. This offers several
advantages for wastewaters with imbalanced COD:TN ratios such as leach-
ate (Lin et al., 2016). The removal of nitrogen by nitritation-denitritation
processes also require less oxygen, organic matter and energy.
Another advantage of MABRs is that the bubbleless aeration prevents the

stripping of VOCs and greenhouse gasses (CH4, N2O) (Martin &
Nerenberg, 2012) and this may help reduce emissions from leachate treat-
ment plants. Additionally, MABRs have been reported to remove several
toxic compounds, i.e., xylene, phenols, benzene, 2,4-dichloro-toluene, that
are typically present in landfill leachates, with high efficiencies (Syron &
Casey, 2008). The reason for that may be the increased retention of these
compounds in reactor liquor which allow sufficient time for their biodeg-
radation. Besides, the presence of microenvironments, protection against
toxic shocks and higher SRT provided by the biofilm developed in MABRs
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may allow retention of specialized biomass species that utilize difficult to
degrade substrates.

4. Opportunities and challenges

The wastewater treatment sector is changing as a result of more resource-
recovery and energy-efficient drivers, but in a way that does not compro-
mising its major roles; protecting the environment by treating wastewater
and complying with discharge standards. Today, it is even possible to oper-
ate WWTPs with energy neutrality thanks to the integration of new proc-
esses and optimization of the operating conditions through ICA (Guven
et al., 2019). Implementation of recently developed processes in WWTPs
offers several opportunities for leachate co-treatment. Firstly, it has been
suggested that PN/A, AGS and MABR have the potential to reduce the
energy demand and/or organic matter requirement of nitrogen removal
process (Stamatelatou & Tsagarakis, 2015). Moreover, biofilm-based proc-
esses have a higher endurance to toxicity shocks such as organic matter
and nitrogen overloads, pH and salinity variations. On the other hand,
membrane based processes such as AnMBR and MBR offer high removal
efficiency, better micropollutant removal and stable performance. Besides,
AnMBRs can produce methane that can be used for energy recovery. It is
noted that the performance of some of these new processes should still be
investigated for leachate co-treatment and the results must be validated in
the full-scale.

4.1. Modeling, instrumentation, control and automation

Modeling the co-treatment of leachate and wastewater is of high import-
ance in order to understand the impact of leachate on both conventional
and innovative biological treatment processes and to develop reliable and
better operation strategies for co-treatment. The pollutant composition of
leachate is significantly different than municipal wastewater. Therefore,
wastewater characterization compatible with the well-established ASM fam-
ily (Henze et al., 2000), commonly applied for modeling activated sludge
processes treating municipal wastewater, is quite important as a first step in
modeling studies. By applying guidelines proposed by the STOWA for waste-
water characterization (Roeleveld & Van Loosdrecht, 2002), Galleguillos and
Vasel (2011) presented ASM1 and ASM3 based COD and nitrogen fraction-
ation of a mature-old landfill leachate. They reported that the soluble inert
COD fraction of leachate (61%) was remarkably high compared to that of
municipal wastewater (12%). This can present an important problem in com-
plying with COD discharge limits in WWTPs. In a subsequent study, they
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successfully simulated the performance of a MBR treating landfill leachate
with ASM1 and ASM3 models by using the proposed wastewater fraction-
ation (Galleguillos et al., 2011). Accurate fractionation of leachate COD and
nitrogen components (especially soluble inert COD (SI) and soluble inert
organic nitrogen (SNI)) is the most important factor in simulating the impact
of leachate co-treatment on WWTP discharge.
In the last four decades, ICA has been widely implemented in WWTPs

as a tool for optimizing the plant performance under different disturbances,
i.e. variations in flow and pollutant concentrations (Olsson, 2012). ICA in
WWTPs has significantly advanced due to the developments in sensor,
actuator and computer technology. For instance, on-line nutrient sensors,
i.e. ammonium, nitrate and phosphate, are becoming more common, reli-
able and affordable which makes it possible to improve the nutrient
removal performance of WWTPs through optimization of air flow rate, dis-
solved oxygen concentration, external carbon dosing, internal sludge flows
and solids retention time (Olsson, 2012). On the other hand, due to the
complex matrix of pollutants in leachate, several interferences may occur
during on-line measurements and accurate measurements may require
adequate sample preparation and robust sensor technologies. Moreover, it
must be mentioned that the reliability of on-line sensors depend on regular
maintenance and calibration. It is even possible to develop and test the per-
formance of ICA strategies with computer simulation tools thanks to the
advancements in mathematical modeling of biological, chemical and phys-
ical processes of WWTPs (Gernaey et al., 2014). Together with the pro-
gresses in mathematical modeling and ICA, it is now feasible to develop
and implement more sustainable leachate feeding strategies, i.e. leachate
dosing based on effluent ammonium concentrations, in order to guarantee
both compliance with discharge limits and energy efficiency in WWTPs
(Dereli, Giberti, Liu, Flynn et al., 2020).

4.2. Pretreatment before co-treatment

One of the main concerns when co-treating leachate is its high ammonium
content. However, ammonium in leachate can be decreased before dis-
charging to the sewer system or feeding to the WWTP by using on-site or
off-site pretreatment systems. This would decrease excessive nitrogen loads
to WWTPs and help to comply with discharge limits. The most frequently
applied leachate pretreatment method is pH adjustment and ammonia
stripping. El-Gohary and Kamel (2016) obtained 77% ammonia removal in
young landfill leachate by air striping (pH: 10 and 6 h HRT). Pretreatment
also improved COD and BOD removal efficiency of aerobic biological
treatment. Calli et al. (2005) obtained significantly higher ammonia
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stripping efficiency (94%) for raw and anaerobically treated leachates (pH:
11, HRT: 12 h, temperature: 20 �C). They reported temperature and air flow
rate as the most important parameters affecting the performance of ammo-
nia stripping. Ammonia stripping from leachate requires a high pH (>9),
thus pre- and post- adjustment of pH is necessary to improve efficiency of
the process and to allow subsequent biological treatment. Moreover, the
off-gas should be treated with an acidic solution in order to prevent the
emission of ammonia (Renou et al., 2008). Yuan et al. (2016) reported that
nitrification is adversely affected if the pH of the leachate pretreated with
ammonia stripping is not neutralized before biological treatment. They
observed no significant effect on COD removal efficiency, but about half of
the nitrification capacity was lost in two days due to high pH (8.5-9.5) in
the bioreactor. This is not unexpected since the nitrifiers are known as very
sensitive to pH (Ge et al., 2015). They found that at low leachate mixing
ratios (0.5-1%) pretreatment did not produce any significant performance
difference compared to without pretreatment. However, when the mixing
ratio increased up to 10% incomplete nitrification was observed in the
laboratory-scale SBRs at short term shock loading tests.

4.3. Resource recovery

WWTPs are now regarded as resource recovery facilities which can pro-
duce water, nutrients, biosolids, biopolymers and energy from sewage.
Thus, toxic compounds in leachate or leachate/wastewater mixture are
important concerns for beneficial reuse of water and biosolids. It was
reported that a combination of MBR and reverse osmosis (RO) can remove
conventional pollutants, i.e. COD, NH4-N and heavy metals, and xenobiotic
compounds by more than 97% and 83%, respectively (Polngam et al.,
2015). However a few toxic compounds, i.e.DEHP, hexadecanoic acid and
phenol, 2, 4-bis-(tert-butyl), still remained in the RO permeate. Chen et al.
(2014) treated leachate with a system consisting of activated sludge, RO
and ammonia stripping. They reused the water for sprinkling roads and
watering plants in Keelung City, Taiwan. It seems that high pressure mem-
brane processes, such as nano-filtration (NF) and RO, can be used as a pol-
ishing step to efficiently remove remaining pollutants, i.e xenobiotics,
mono and divalent cations, before water reuse.
Another important concern about leachate co-treatment is the fate of

heavy metals and risk of metal accumulation in the sludge, which limits the
agricultural end-use of biosolids (Pathak et al., 2009; Fijalkowski et al.,
2017). Metals can pass to solid phase through precipitation and adsorption
on the biomass in WWTPs (Avezzu et al., 1995; Çeçen & G€ursoy, 2001).
The accumulated metals can then leach out from biosolids when they are
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applied to fields or disposed into landfills. Low pH can increase the mobil-
ity of metals and they can be up taken by plants and/or find their way to
ground and surface water sources. Lebiocka (2013) reported no significant
difference in metal concentrations of a lab scale system digesting
exclusively sewage sludge and leachate/sludge mixture (0-10% v/v). By con-
ducting mass balance calculations, Hombach et al. (2003) concluded that
co-digesting leachate with sludge would not elevate metal concentrations of
the final biosolids. However, it is worth noting that there are no studies
focusing on the differences in heavy metal concentrations in biosolids from
plants with and without leachate treatment, i.e. the same plant character-
ized before leachate addition and then after a period of leachate addition.

4.4. Impact of regulations and changing leachate composition

The changing practices in solid waste management as driven by changes in
regulations and national reuse/recovery targets will also have an unavoid-
able impact on leachate production and composition (Brennan et al., 2016).
Fudala-Ksiazek et al. (2016) reported remarkable changes in pollutant con-
centrations (COD, BOD, TN and heavy metals) of the leachate due to the
restrictions in the organic waste dumping and changing management prac-
tices after the implementation of EU Landfill Directive (EC, 2001). For
instance, thermal conversion of solid waste has become quite popular
within the developed world (Hoornweg & Bhada-Tata, 2012). Several coun-
tries rely on incineration as one of the most important management
method due to various reasons such as land availability, compliance with
regulations and national targets (EEA, 2013). Thus, the number of ash
monofills or landfills co-disposing the ash with regular MSW is anticipated
to increase. Leachates from landfills storing large quantities of incinerator
ash may differ in quality compared to leachates from conventional landfills.
Moody and Townsend (2017) investigated the leachate characteristics from
ash monofills, conventional solid waste landfills and landfills receiving both
ash and solid waste. It is reported that leachates from landfills receiving a
high amount of ash have a lower pH and alkalinity, but remarkably higher
chloride and TDS content compared to leachates from conventional land-
fills. TDS in high ash landfill leachates mainly composed of inorganic
anions and metals/metalloids, whereas the TDS in conventional leachate
contains bicarbonate, organic matter, ammonium and metals/metalloids.
On the contrary to expectations, the heavy metal (Al, As, Cu, Cr, Mg, Mn,
Ni, Pb, Sb and Zn) concentrations in ash landfill leachates were not statis-
tically different than that of regular landfill leachates. It is concluded that
co-disposal of ash in regular solid waste landfills will inevitably have impli-
cations on the characteristics of leachate. Especially, the elevated salinity
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levels in leachates may impose a serious problem in on-site biological treat-
ment systems. On-site leachate treatment plants would require long term
operation extending to decades after the closure of landfill site. They would
require continuous process modifications in order to ensure sufficient treat-
ment efficiency under changing leachate composition and quantity.
From the point of landfill operators, one of the most important risks is

sudden termination of leachate co-treatment contract by the WWTP oper-
ator due to several reasons (Meeroff & Teegavarapu, 2010). This may
become more serious if regulations governing treated effluent discharge
were to become more stringent with respect to ammonium-nitrogen, toxic
trace metals, and/or emerging pollutants with low biodegradability. In this
case, WWTP would likely consider no longer accepting the leachate, which
can put landfill operators to a difficult situation.

4.5. Dissolved organic nitrogen

Bolyard and Reinhart (2017) investigated the biodegradable and recalcitrant
fractions of DON in different leachates. Average concentrations of TN and
DON of the investigated leachates were approximately 1146mg/L and
40mg/L, respectively. They reported that recalcitrant fraction of DON
varies widely between 18% to 80% depending on the characteristics of
leachate. The fraction of recalcitrant DON in the leachates from closed
landfill cells were generally above 60% indicating an increase in rDON frac-
tion as the landfill ages. rDON positively correlated with humic acid, COD
and TKN content of leachate (R2 equals 0.4, 0.49, 0.64). Zhang et al. (2013)
reported that DON existed mainly in fulvic acids and hydrophilic organic
matter in leachate. Zhao et al. (2012) reported a strong correlation between
organic nitrogen and COD in both raw and biologically treated leachates.
They showed that nitrogen containing organic matter in leachate was more
refractory than the other types of organic matter. This presents a serious
problem in WWTPs co-treating leachate, because the organic nitrogen that
cannot be removed by nitrification/denitrification process can significantly
contribute to effluent TN that is generally subject to discharge limits.
Besides that, non-biodegradable organic nitrogen discharged by WWTPs
can eventually become bioavailable in receiving water bodies under UV
radiation (Bushaw-Newton & Moran, 1999; V€ah€atalo & Zepp, 2005) and
increase the risk of eutrophication (Bolyard & Reinhart, 2017).

4.6. Disinfection

The inert COD and DON in leachate can contribute to the effluent COD
and TN concentrations in WWTPs and present a risk in complying with
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the effluent standards. Aside from that, elevated effluent organic matter
and organic nitrogen can increase the formation risk of disinfection by-
products, when chlorination is used for disinfection (Krasner et al., 2009).
The bio-refractory compounds present in leachate also have UV-quench-
ing properties which may decrease the efficiency of UV-disinfection sys-
tems in WWTPs when leachate is co-treated with sewage (Zhao et al.,
2013, Pathak et al., 2018). Iskander et al. (2018) extensively reviewed the
formation, characteristics and treatment of UV-quenching compounds,
especially humic, fulvic and hydrophilic acids, in leachates. Zhao et al.
(2012) stated that a significant amount of UV light may be blocked by
these compounds even if the leachate makes up only 2-5% of the sewage
flow. They reported that an on-site activated sludge system with PAC
addition reduced the UV absorbance of leachate by 54% which is signifi-
cantly higher compared to a regular SBR with 9% removal efficiency. This
highlights the advantage of PAC addition in removing bio-refractory com-
pounds in leachate. They suggested applying nano-filtration to reduce UV
absorption after on-site biological treatment systems and then discharge
the treated leachate to sewer system for further treatment in WWTPs.
Campagna et al. (2013) reported that MBR and NF treatment can signifi-
cantly remove UV absorbing pollutants from leachate. Patel and Zhao
(2018) showed that chemically enhanced pretreatment with ferric chloride
can for effectively reduce recalcitrant organic matter and its side effect on
UV quenching phenomenon through formation of metal-humic
acid complexes.
The UV-quenching and refractory pollutants in leachate can be

removed by adsorption, filtration and advanced oxidation based proc-
esses. Mojiri et al. (2014) tested the performance of an adsorbent,
namely powdered ZELIAC, which is a mixture of zeolite, activated car-
bon, lime stone, rice husk ash and Portland cement, in SBR reactors
treating leachate and municipal wastewater. Adsorbent added reactors
performed better color and phenol removal efficiency (84 and 61%,
respectively) compared to the control reactors (54 and 34%, respectively)
at a leachate to wastewater ratio of 20%. Similar results were also reported
by Aghamohammadi et al. (2007) who observed a slightly increased removal
efficiency in COD, sCOD, NH4-N, TKN and NO3-N parameters, but a
remarkable improvement in color removal when treating leachate in labora-
tory-scale activated sludge reactors with and without PAC addition. These
results underline the advantage of adsorption based processes in removing
color and recalcitrant compounds from leachate. In this context, MBRs sup-
plemented with activated carbon can play a key role in the removal of UV-
quenching refractory pollutants by using the advantage of biodegradation,
adsorption and filtration processes.
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4.7. Emerging contaminants

Both municipal wastewater and leachate contain hundreds of emerging
contaminants which can be mainly classified as endocrine disrupting chem-
icals (i.e. pesticides, phthalates, bisphenol A, surfactants, steroids, heavy
metals) and pharmaceuticals and personal care products (e.g. nonsteroidal
anti-inflammatory drugs, hormones, antibiotics, lipid regulators, betablock-
ers, anticonvulsants, preservatives, disinfectants, sunscreen agents and
repellents) (Eggen et al., 2010; Clarke et al., 2015; Petrie et al., 2015;
Kapelewska et al., 2018; Qi et al., 2018). These pollutants have toxic, car-
cinogenic and mutagenic effects on living organisms in aquatic ecosystems.
Moreover, Wu et al. (2018) suggested that the discharge of treated landfill
leachates may enhance the development of antibiotic resistance in receiving
water bodies. The occurrence and removal of these pollutants in WWTPs
depend on their solubility, volatility, absorbability and biodegradability
(Kapelewska et al., 2018). Thus, the efficiency of conventional WWTPs in
removing these pollutants varies widely (Sui et al., 2017; Qi et al., 2018).
Therefore, more advanced processes relying on adsorption, chemical oxida-
tion and membrane filtration should be added to the process trains of
WWTPs to fully eliminate the potential effects of emerging contaminants
from both leachate and sewage (Foo & Hameed, 2009; Zolfaghari et al.,
2014; Fernandes et al., 2015; Mandal et al., 2017). On the other hand,
although emerging contaminants potentially pose a high ecotoxicological
risk to receiving water bodies, regular monitoring programs and discharge
guidelines do not exist for most of these compounds. The lack of adequate
regulations and the high operational costs of advanced treatment processes
are seriously threatening aquatic ecosystems and human health.

5. Conclusion

The following conclusions can be drawn from this survey.

� It is clear that leachate can be co-treated in municipal WWTPs to some
extent which is generally defined by the characteristics of leachate and
WWTP. The effluent COD and nitrogen tends to increase at elevated
mixing ratios due to high concentrations of refractory organic matter
and nitrogen in leachate.

� A detailed techno-economic survey must be carried out to determine the
spare capacity of WWTP units to treat the additional pollutant loads, mod-
ifications required, capital and operational costs for co-treating leachate.

� Leachate toxicity is highly attenuated due to dilution, volatilization,
adsorption, and biodegradation of pollutants during co-treatment in con-
ventional WWTPs. However, complete removal of emerging
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contaminants may require additional processes such as activated carbon
adsorption, advanced oxidation and membrane filtration, as a polishing
step. This would also help decreasing refractory organics, nitrogen and
UV-quenching substances in the final discharge to receiving water bodies.

� With the help of ICA and mathematical modeling, smarter leachate
feeding strategies can be developed that would prevent leachate over-
loads to the WWTPs and help more efficient use of energy and compli-
ance with discharge limits.

� Implementation of recently developed technologies in WWTPs would
bring several opportunities such as higher nitrogen removal efficiency, bet-
ter micropollutant removal, reduced energy demand, increased resilience
against toxicity shocks and cost effectiveness, for leachate co-treatment.

� Co-treatment of leachate is expected to decrease especially in high-
income countries due to changes in solid waste management, leachate
characteristics and stringent discharge standards. However, it will still
be practiced to a high extend in countries with limited funds. In this
context, implementation of emerging technologies may balance costs
and treatment efficiency.
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