

1. Introduction

This manual provides practical information on the landfilling of solid waste – domestic waste and the environmental impacts which occur by its application. The practice of landfilling of waste should be: 

i. applied as the last stage of any solid waste management scheme

ii. applied only for the final disposal of the residues that are generated from the treatment of waste (application of technologies for recovery of materials and energy)

iii. performed under specific rules and techniques that ensure the protection of the environment and the public health (sanitary landfilling)

2. Leachate generation and composition

2.1 Leachate generation

Water containing dissolved and suspended substances is squeezed out of waste by its compression and compaction in landfill body. Water is also produced during waste decomposition procedures. These processes, along with precipitation percolating through landfill, eventually causes the waste to reach field capacity and therefore leads to the generation of liquid waste (leachate). The quantity of water percolates through the landfill body - the main contributor in the leachate generation – depends on the water balance in the landfill area (water precipitation, evapotranspiration, surface run – off) (Figure 1). Keeping down the quantity of water entering the landfill body is therefore of great importance for reducing the threat pollution from leachate generation. 
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Fig. 1: Leachate generation and percolation in a landfill body

The volume of leachate produced is influenced by climate. In relative warm climates, leachate generation usually follows water precipitation quite closely (the increase in leachate production after precipitation is generally quite rapid). In colder climates, it is common for leachate production to lag behind water precipitation because most of it falls as snow. Finally, leachate production is generally greater whenever the waste is less compacted, since compaction reduces the filtration rate. 

2.2 Leachate composition

Landfill leachate typically contains organic material in various stages of decomposition, heavy metals and inorganics such as ammonia, phosphate, sulfate and metal cations. The main mechanisms within the pollutants enter the leachate are: 

	Dissolution of soluble compounds that exist initially at the landfill, e.g. PO43-, Cl-, SO42-, organics (humic and fulvic acids, sugars, etc)

	Dissolution of organics compounds that are produced during the biodegradation of the more complex organic compounds (carboxyl acids, alcohols, aminoacids, sacchars)

	Dissolution of organics compounds that are produced during the chemical reactions that take place at the landfill site (complex humic compounds, etc)

	Dissolution of ammonia compounds that are produced during the biodegradation of nitrogenous organic compounds and the reduction of nitrates and nitrites

	Dissolution of phosphates that are produced during the biodegradation of the complex organic compounds that contain phosphates (phospholipids, etc.)

	Dissolution of soluble Fe2+ compounds that are produced from the reduction of Fe3+ compounds 

	Leaching of compounds that are difficult to dissolve and of non-soluble organic compounds (poly sacchars, fatty acids, proteins, peptides, phenols, polycyclic aromatic compounds)

	Rinsing of fine particulates and colloids


The composition of the leachate is related to the quantity produced and varies both from landfill to landfill and seasonally. The parameters governing leachate include the particle size, degree of compaction and composition of the waste, the hydrology of the site, the climate and the age of the landfill (which reflects the degree of stabilization of the waste). 

Organic matter

The strength of a leachate produced by a landfill can be evaluated in terms of gross organic parameters such as Chemical Oxygen Demand (COD), Biochemical Oxygen Demand (BOD) and Total Organic Carbon (TOC). The ratio of COD to TOC reflects the characteristics of the organic matter in the leachate and is used to determine any relationship with the age of the landfill. In particular, the COD/TOC ratio tended to decrease as the age of the landfills increased, generally varying from 4 for a young landfill to 2.7 for an old landfill. This ratio depends on the oxidized state of the organic carbon (oxidized organic compounds are generally degradation products or/and by-products of microbial activities in the landfill body and their amount increases as the age of the landfill increases. These compounds become a less readily available energy source for microbial growth).

The changes in biodegradability of the organic matter in leachates are reflected in the BOD/COD ratio. BOD is a direct measure of the treatability of the leachate by biological/biochemical processes. The BOD/COD ratio decreases as the age of the landfill increases and generally varies from 0.8 for young landfills to lower than 0.1 for old landfills. This indicates that much of the organic material in leachate of young landfills is biodegradable (free volatile fatty acids, ethanols and other alcohols etc.) and can be removed by biological processes. On the contrary, there is a significant amount of biologically inert material in leachates from old landfills that are stable (e.g. fulvic and humic acid type compounds).

Inorganic matter

In general, as the landfill ages, the concentration of inorganic substances in leachate decreases. Parameters such as pH value and sulfate to chloride (SO42-/Cl-) ratio indicate the degree of stabilization of the landfill under examination. Since the pH value tolerated by methanogenic bacteria is usually in the range of 6 – 8, the leachate is characterized by nearly neutral pH values at the methanogenic stage. On the contrary, the pH values are quite acidic at the oxygenic stage, due to the production of organic acids and other biodegradable organic substances of low molecular weight. The decrease of SO42-/Cl- ratio is, mainly, attributed to the decrease in the concentration of sulfates, as a result of the anaerobic conditions prevailing in the landfill, under which sulfates are reduced to sulfides. 

The trend in the SO42-/Cl- ratio is inversely related to the oxidation – reduction potential (ORP) values. The changes in SO42-/Cl- or ORP ratio affect the solubility of metal ions in the leachate. In particular, the sulfide ions that generated as a result of biochemical activities in an anaerobic environment react with metal ions to form insoluble metal sulfide precipitates.

The concentrations of heavy metals decrease more rapidly with landfill age than those of other inorganic substances. The heavy metals content in leachate from young landfills are much higher than those of old landfills, owing to metal solubilization (due to the low pH values in the acidification stage) and complexation by volatile fatty acids. Aromatic hydroxyl compounds as well as humic and fulvic acids can also complex metals such as Cu, Cd, Pb, Ni, Mn, Co and Zn. Moreover, reduction of ferric iron by anaerobic microbial activity leads to solubilization of heavy metals such as Cd, Pb, Ni, and Zn. As the landfill ages, the consequent increase in pH value leads to lower metal solubilization. Moreover, the low concentrations of metals in old landfills may be due to the result of adsorption and precipitation reactions which, in turn, are enhanced by the gradual increase in ORP with the increasing age of the landfill.

Finally, although phosphate levels in leachate are generally low, in some cases the conditions in the landfill body tend to solubilize P that is present as insoluble ferric and manganic phosphate by reduction of the metals to the more water-soluble ferrous and manganous forms. 

Another main pollutant in leachate is ammonia. Although it is associated with biodegradable substrate, there is no mechanism for its degradation under methanogenic conditions (there is no a significant change in ammonia concentration from the acidic to methanogenic phase). Ammonia also exerts an oxygen demand and contributes nitrogen that can lead to eutrophication. For these reasons, researchers suggest that ammonia is the major long – term pollution problem at landfill sites. 

2.3 Natural mechanisms for attenuation of leachate polluting load

The passage of leachate through the unsaturated zone below the landfill could remove undesirable substances from it. These attenuation mechanisms are important since leachate does leak into such unsaturated zones and can pollute groundwater. A number of mechanisms is involved including filtration, adsorption, microbial action, ion exchange and precipitation. 

Filtration and adsorption

Filtration is the physical trapping of the suspended or/and settleable solid particulates in leachates by the random pore structure of the soil. The solids in leachates may result from processes such as chemical precipitation or/and microbial growth. Finer soil materials and lower leachate hydraulic gradients improve filtration. Adsorption of molecules onto the surface of clay particles can effect a considerable attenuation of pollutants in leachates. Adsorption mechanisms are pH – depended.

Microbial action

Microbial action takes place in the unsaturated and saturated zone below landfills. The reactions include decomposition of organics to produce CO2 and organic acids, exhaustion of available O2 to yield an anaerobic environment and oxidation or reduction of inorganic compounds. Complexation of metal ions, methylation of metal and metalloids as well as transformation of CN- to nitrogen compounds and finally to N2 gas by denitrification also occur. Moreover, production of organic substances that may adsorb leachate constituents as well as production of organic colloids that can infiltrate pore spaces and reduce soil permeability are also microbially mediated. Finally, the microbial population growth and activity is promoted in the cases that the buffering capacity of the unsaturated and saturated zones is sufficient to neutralize the organic acids in the leachates.

Ion exchange

Ion exchange occurs mostly with clays, their cation exchange capacity being due to isomorphous substitution, broken bonds and edges and replacement of hydrogen ions with other exchangeable ions such as Na or/and Ca. In general, the ease of replacement of one ion to another depends on ion size, valence and concentration. In landfill leachate, concentration is the predominating factor influencing ion exchange process. The cation exchange capacity depends on pH only above 6.0 where ionization of H from exposed OH groups at crystal edges occurs. Research data indicate that when leachate passes through clays, K, NH4+, Mg and Fe are moderately attenuated while Pb, Cd, Hg and Zn are strongly attenuated. Furtherless, anion exchange sites exist in clays, which may hold organic or/and inorganic anions. Anion exchange capacity of clays increases, as soil pH values decrease.

Precipitation

As the concentrations of dissolved chemical substances approach their solubility limit, precipitation becomes a major attenuation mechanism. Soil pH value determines acid – base reactions as well as influencing equilibrium reactions and the relative concentrations of OH-, CO32-, S2- and other ions in such systems which typically result in heavy metal precipitation. Literature data indicate that soil pH is the most important characteristic influencing retention of Cd, Ni, Pb and Zn, although cation exchange capacity, Fe oxides and percentages of clay and organic matter are also important. Moreover, the formation of stable anionic complexes with such metals enhances their mobility and inhibits their precipitation.

2.4 Leachate collection system

A proper leachate collection system is considered a major requirement of a sanitary landfill design, operation and aftercare. A typical leachate collection system for a sanitary landfill consists of a series of pipes installed throughout the base of the waste mass, designed to capture leachate, which is then pumped out of the landfill and conveyed to a central storage and treatment area. Once treated onsite, the leachate is either discharged under permit to a nearby natural receptor, conveyed to the local sanitary sewer system for further treatment, or beneficially reused on site.
Leachate collection pipes: A network of pipes installed in the protective cover of the liner system, and designed to quickly capture leachate from within the landfill. This network is designed ensure that the leachate will drain continuously without ponding or clogging.
Leachate conveyance piping: Additional piping installed to convey the leachate collected from within the landfill to central locations at the facility for storage and further management. Leachate is often extracted from the landfill by pumping the liquid through conveyance piping placed along the upsloping walls of the landfill, followed by gravity flow through the storage and treatment units.

Storage tanks: Total leachate storage capactiy is provided for the 30-day period of maximum leachate generation capacity estimated over the life of the facility. Storage is typically provided by double-contained, above ground storage tanks, but can include surface impoundments.

Leachate recirculation system: Part of leachate quantity is often recirculated back to the landfill body, using an appropriate piping system. This practice is applied in order to achieve the desirable moisture level within the landfill which is appropriate for the microorganisms. As a result, the biochemical degradation actions are activated and/or speed up.

Figure 2 illustrates the techniques that are applied for the installation of the leachate collection pipes.
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Fig. 2: Leachate collection system

3. Leachate management 

Landfill leachate is a high – strength wastewater characterized by the presence of a significant number of pollutants (organic, inorganic, hazardous). Moreover, as mentioned above, the leachate quality is variable from landfill to landfill, and over time as a particular site ages. Consequently, it is very difficult to formulate general recommendations for its efficient treatment. The selection and application of a treatment process is depends on the characteristics of the landfill under examination and in most cases, a combination of methods is necessary for the effective removal of polluting load from the leachate 

Recycling 

Recycling of leachate back through the landfill body is the least expensive option, available for its management. This practice is not always applicable, especially in those areas in which the water balance implies an accumulation of liquid within the landfill. When it does not occur, the recycling of leachate is an effective technique, leading to reduction of: i. the time required for landfill waste stabilization (the biochemical actions in the landfill body are accelerated), ii. the final quantity of leachate drained (due to the increased evaporation losses). Τhe biodegradation of organic matter is stimulated when the environment inside the landfill has a water content of 50 to 70%, which will not be reached in dry areas or during dry periods elsewhere. Recycling leachate remedies this situation, increasing biochemical activity of bacteria and microorganisms and thus reducing pollutants concentrations in leachate and increasing the stabilization of waste. The hydrology of the landfill site should be carefully considered, taking measures to ensure uniform distribution of recycled leachate and prevent the formation of preferential channels. Although the recycling of leachate leads to significant reduction of both concentration of organic matter and quantity of leachate, the final leachate quality effluent does not achieve the quality limits for its safe disposal to the environment. Therefore, the recycling of leachate must be considered as a first stage of a more comprehensive treatment process.

Combined treatment with municipal wastewater 

One low cost practice for leachate management is its disposal to the sewer network for combined treatment with municipal wastewater. Appling this practice, main difficulties could be posed by the high concentrations of organic and inorganic components of leachate. Other possible problems arisen are corrosion of treatment plant equipment, reduction of sludge settling and operational problems in the plant due to the precipitation of iron oxides. Moreover, the high concentrations of metals may inhibit the biological activity of sludge and eliminate the possibility of its use as fertilizer.  Therefore, only when leachates up to 5% of the total treatment plant influent is treated, and leachate COD concentration is below 10.000 mg/l, the combined treatment is efficient.

Biological treatment

Biological treatment processes based on the activity of a mixed culture of microorganisms that consume the organic matter in the leachate. In aerobic biological treatment processes, oxygen is essential for biodegradation of organic matter and the organics are degraded to carbon dioxide, water and solid biological products (sludge). In anaerobic treatment processes organics are decomposed in the absence of free oxygen and methane and carbon dioxide are the main end products (only a minor part is converted into biological sludge). The biological processes do not transform or destroy inorganic substances. Trace concentrations of organics may be partially removed from leachate during biological treatment as a result of precipitation and adsorption onto the microbial cells. Moreover, microorganisms have a net negative charge and are therefore able to perform cation exchange with metal ions in leachate. Anionic substances such as chlorides and sulfates are not affected by biological treatment. The methods for optimizing the biological organic degradation include control of dissolved oxygen level, adding nutrients, increasing of and control of concentration of microorganisms as well as control and monitoring of many other parameters such as pH, temperature and mixing conditions.

The most common biological methods that could be applied for leachate treatment are presented:

I. Aerobic methods:

Activated sludge: Mesophilic aerobic and heterotrofic bacteria are the main microbial population in activated sludge systems. All organics can be degraded except oil and halogenated aromatics. The end product is CO2 and biomass sludge. Part of the sludge produced is recirculated back to the system. Alternative activated sludge systems that are applied are: Conventional, tapered aeration, step aeration, completely mixed, pure oxygen, extended aeration etc. The average retention time for the process does not exceed 1 day. 

Aerated lagoon: Mesophilic aerobic, heterotrofic and facultative bacteria grown and act in aerated lagoons. All organics can be degraded except oil and halogenated aromatics. The end product is CO2 and biomass sludge. The average retention time for the process ranges from 2 –7 days. 

Nitrification system: Ammonia nitrogen is oxidized to nitrate. Also, biodegradable organics could be partially removed.

Trickling filter: Mesophilic aerobic, heterotrofic bacteria are the main activated microorganisms. Oil, grease, halogenated aromatics and nitrogen compounds are not easily subjected to treatment. The main end products are CO2 and sludge. Alternative techniques of the method include the use of slow rate, high rate, super rate, roughing and two stage filters.
Rotating biological contactor: Mesophilic aerobic and eterotrofic bacteria are used in a series of closely spaced circular contactor discs which are partly submerged in the leachate. All organics could be treated by this technique, except oil, halogenated aromatics and nitrogen compounds. The main end products are CO2 and sludge.

Sequencing batch reactor: It is a fill- and – draw activated sludge system, where mesophilic aerobic and heterotrofic bacteria act. All organics can be degraded except oil and halogenated aromatics. All the procedure stages (organics degradation, stabilization, sedimentation and discharge of clarified effluent) occur in the same tank. The end product is CO2 and biomass sludge

II. Anaerobic methods

Anaerobic digester: Thermofilic anaerobic bacteria are the main active microbial population. Carbohydrates, proteins, organic acids and alcohols are not easily degraded by this technique. The end products are CH4 (mainly), CO2 and stabilized sludge. The average retention time ranges from 10 –30 days.

Anaerobic filter: Medium – strength leachates can be treated in relatively short hydraulic retention time by using thermofilic anaerobic bacteria. The end products are CH4 (mainly), CO2 and stabilized sludge. 

Denitrification: The attached thermofilic bacteria growth in the presence of carbon source, reduces nitrite and nitrate into gaseous nitrogen.

III. Combination of anaerobic and aerobic methods

Combined anoxic, anaerobic and aerobic system: Nitrogen and phosphorous are removed along with biodegradable organics in an anoxic, anaerobic and aerobic treatment system. Nitrate is converted to gaseous nitrogen in the anoxic reactor while phosphorus is released in anoxic and anaerobic reactors. Uptake of released phosphorus, biodegradation of organics and nitrification of ammonia occur in the aerobic reactor. The main end products are gaseous nitrogen, CH4 CO2 and biomass sludge.

Aerobic – anaerobic stabilization ponds: Mesophilic aerobic, anaerobic, facultative eteroteophic bacteria and autotrophic algae are the combined microbial population used in this system. The retention time is quite high, ranging between 10 – 120 days, while the major end products are CH4, CO2 and stabilized sludge.

Comparison of applicability between aerobic and anaerobic methods

In order to decide on whether to use aerobic or anaerobic methods or a combination of both, the following must be taken into consideration:

· There not any oxygen demand in anaerobic process, thus the energy cost is lower comparing to aerobic process. On the contrary, there is a need to work at temperatures range of over than 30o C, fact that requires additional energy cost.

· In anaerobic techniques, only 10 – 15% of the organics is transformed into biomass. As a result, much less sludge is generated than in aerobic process, fact that eliminates the cost and the requirements for sludge disposal. Moreover, the nutrient supplement requirements are lower, this fact is important in cases as leachate since its content in phosphorus is eliminated. The other 85 – 90% of the organics is altered into biogas, fact that improves the energy balance.

· Anaerobic microbial populations rarely enter their endogenous phase, which is important for the treatment of effluents, which are of variable volume and polluting load (like leachates). In addition, pathogenic microorganisms are destroyed (mainly at thermophilic temperature range)

· Anaerobic sludge tends to settle more readily than aerobic sludge, which often requires the addition of flocculants. Furthermore, anaerobic sludge is more highly stabilized and mineralized than aerobic sludge, fact that increases its value as fertilizer (if heavy metals are removed properly).

· Aerobic process is characterized by a quite simple operational procedure, thus the requirements for effective control of operating conditions are eliminated. On the contrary, anaerobic process appears a complex start up period as well as increased requirements for control of operating conditions.

· The anaerobic process appears lower performance as regards the elimination of heavy metals, comparing with the aerobic process.

· In most cases, after the application of the anaerobic process, there is a need for complementary treatment, in order to achieve acceptable purification rates for all the pollutants.

· In aerobic sludge, metals are mainly incorporated in organo – metallic substances, while the major metal content in anaerobic sludge is complexed and the rest being present as an insoluble inorganic precipitate. This fact indicates that if anaerobic sludge is disposed to a landfill side, heavy metals are easily released into the landfill body by the slightly acids conditions normally obtaining within landfills. On the other hand, the release rates of organo – metallic substances from aerobic sludge is governed by the rate of the biodegradation of the organic part.

Flocculation, precipitation and sedimentation

While flocculation, precipitation and sedimentation are individual process stages, they are interrelated and are often combined into a single overall treatment process. They can be applied for the removal of precipitable substances, such as soluble heavy metals, dissolved organics as well as for the removal of colloidal particles suspended in the leachate. Flocculation is a phycico-chemical process whereby small, unsettable colloids are made to agglomerate into larger more settable particles. Precipitation is also a physico-chemical process where a soluble substance is altered into a less soluble or insoluble phase. Sedimentation is a physical process whereby suspended particles are made to settle by means of gravitational and inertial forces acting on both the particles suspended in the leachate and in the leachate itself. These processes require the addition of chemicals in order to develop the proper treatment conditions. The main chemicals that can be used for this purpose are: 

Al2 (SO4)3.18H2O, Fe2(SO4)3, FeSO4.7H2O, FeCl3, NaAlO2, Ca(OH)2, H2SO4 and SO2. 

In order to determine the applicability of precipitation, flocculation and sedimentation to a specific leachate effluent, laboratory treatability tests are usually needed (jar – tests) to develop the design information, to evaluate the performance as regards the chemicals used and to select the optimum dosages of these chemicals.

Activated carbon adsorption

This method is mainly used for the removal of organics from leachate by adsorption onto activated carbon, while a limited number of inorganic substances can also be removed. The adsorbate could be used in two forms, as powdered or as a granular activated carbon. The process is more efficient for the treatment of leachate that contains organics of high molecular weight, low polarity and low degree of ionization (biodegradable, nonbiodegradable, refractory or toxic organic substances). Finally, the activated carbon can be regenerated, fact that expands its use.

Chemical oxidation

Most of the organics in leachate from stabilized landfills are not easily subjected to biological treatment since they are nonbiodegradable, refractory or toxic substances. Furthermore, some biodegradable organics are characterized by high period of acclimation during biological treatment process, fact that renders their treatabilty difficult and time-consuming. An effective method for the treatment of the organic substances mentioned above is chemical oxidation. 
The application of the method include the use of the chemicals: O3, H2O2, Cl2, KMnO4, K2Cr2O7, CrO3, wet-air  oxidation, UV ray, etc. By the application of the process, initially, the organics are oxidized into organic by-products. The main portion of these by-products are further oxidized, leading to the production of CO2, while the rest ones remain in the leachate. The remaining organic by-products are characterized by lower toxicity level and/or by  higher biodegradability, compared to the initial organics of the leachate.  As a result, they can subjected to biological treatment easily.

In general, chemical oxidation should be considered as a first treatment stage when the leachate contains substances that are not amenable to other treatment methods, or as a final step to remove traces of contaminants after other treatment processes.

Ion exchange

Ion exchange is a method based on the ability of natural (e.g. zeolites) or/and synthetic (resins) materials to constrain selective ions (mainly heavy metals and partly anions) containing in the leachate, by an interchange process. The ion exchange behavior and capacity of the ion exchanger depends on many parameters such as the type, the size, the charge and the concentration of the ion(s) that must be removed, the temperature conditions of the process, the concentrations of the other ions presented in the leachate (competitive ions), the type and the structure of the ion exchanger etc.

After removal of the undesirable ions from the leachate and the exhaustion of the ion exchanger, regeneration process could be applied by exposure to a  specific solution which removes the ions picked up by the exchanger. 

Reverse osmosis and ultrafiltration

Other methods employed for the treatment of leachate are reverse osmosis and ultrafiltration. Reverse osmosis process consists of permeating leachate through a semipermeable membrane and membrane rejects most of ions and molecules while permitting acceptable rate of leachate passed. As a result, inorganic salts and other pollutants (e.g. organics) are removed from the leachate. The most important operating parameters for the effective application of the method are the type of the membrane, pH value and pressure. Many types of membranes have been developed but cellulose acetate and polyamide are the most widely used materials.

Ultrafiltration is a method similar to reverse osmosis. It removes dissolved particles by a physical screening process using a relatively coarse membrane. The most significant parameters for the application of the method are the type of the membrane, and pressure (it is remarked that the pressure applied is highly less than the pressure required for reverse osmosis). 

Air stripping of ammonia

The ammonia stripping consists in bubbling air through the leachate so as to reduce the concentration of ammonia, which passes from the liquid phase (the leachate) to the gas phase (the air). In order to shift the NH4+/NH3 balance to the right, it is necessary to adjust the leachate pH level of about 11. This is usually achieved by adding lime. 

All the chemical/physical/physicochemical methods described above (flocculation - precipitation – sedimentation, activated carbon adsorption, chemical oxidation, ion exchange, reverse osmosis, ultrafiltration and ammonia air stripping), are normally employed for the pretreatment or post treatment of leachate to complement biological methods. In this role, they are especially useful in treatment of leachates from old stabilized landfills and for the elimination of specific pollutants posing problems at particular sites.

4. Leachate monitoring system

Monitoring system is a system for completely and regularly measuring the surface and ground water resources at, beneath and around a landfill to promptly detect leachate releases to the environment and to track the volume of leachate generated as well as to ensure its proper collection and management. In particular, a typical leachate monitoring system includes the following:

Rain water discharge monitoring: Discharge from rain water basins is sampled to assure that run-off is being properly controlled within the erosion and sedimentation management system and that the discharge complies with applicable effluent standards. 

Surface water monitoring: Streams and other surface water bodies adjacent to or down gradient of the landfill are monitored to verify absence of landfill impacts and/or to detect possible contamination on time. 

Detection system monitoring:  The leachate detection zone is monitored to verify proper function of the liner systems.  

Treatment plant monitoring: The leachate influent in the treatment plant, as well as the treated leachate effluent is monitored properly, in order to ensure: i. the efficient operation of the treatment facilities and ii. the compliance with permitted quality effluent limitations for the safe treated leachate disposal to the environment.

Groundwater monitoring: Groundwater quality is monitored prior to and through the operation, closure and post-closure of the landfill by a network of up-gradient and down-gradient groundwater monitoring wells installed around the perimeter of the landfill. The object is to verify i. the proper function of the liner systems ii. to ensure the absence or leachate in the groundwater and iii. detect possible contamination by leachate on time.

The procedures applied for the monitoring and control of leachate, include sampling and chemical analyses of leachate, surface water and groundwater samples. 

Sampling of leachate and surface water

Samples of leachate and surface water must be collected at representative points of the landfill site. Sampling and measuring (volume and composition) of leachate must be performed separately at each point at which leachate is discharged from the site. Sampling of surface water shall be carried out at not less than two points, one upstream from the landfill and one downstream. The frequency of sampling could be adapted on the basis of the morphology of the site and the predictable quality characteristics of the leachate, which depends on the characteristics of the waste disposed. Indicatively, the volume of leachate and surface water could be measured on monthly basis while their composition on trimonthly basis.

Measurements of leachate and surface water

The main parameters that are examined for the characterization of the leachate and determination of its polluting load as well as for the determination of the quality of surface water are: pH, organic matter (expressed as COD, BOD and TOC), organic and inorganic nitrogen, phosphorous, sulfates, heave metals, chlorides and phenols. It is noted that in specific cases, additional parameters may be examined according to the expected composition of the leachate. 

Sampling of underground water
Number of groundwater sampling sites must be such as to provide adequate information on groundwater likely to be affected by the discharge of waste, with at least one sampling point in the groundwater inflow region and two in the outflow region. This number can be increased on the basis of a specific hydrological survey and the need of an early identification of accidental leachate release in the groundwater. Moreover, sampling must be carried out in at least three locations before the filling operations in order to establish reference values for future sampling. The frequency of sampling could be adapted on the basis of the morphology of the site and the characteristics of the groundwater. Indicatively, the level and the composition of the groundwater could be measured on semiannually basis.

Measurements of underground water

The parameters to be analyzed in the samples must be derived from the expected composition of the leachate and the groundwater quality in the landfill area. In selecting the parameters for analysis account should be taken of the mobility in the groundwater zone. In any case, for the landfill site under examination, the number of parameters that are examined must be the same with the parameters measured for the characterization of surface water and leachate.

5. Biogas generation and composition
5.1. Biogas generation

Waste disposed in landfills undergoes partial or total microbial decomposition with the production of gas. The general scheme of landfill biochemical reactions can be outlined as in Fig.3. From this figure, the following can be remarked:

Initially, the particulate organic matter -proteins, carbohydrates and lipids- are partially hydrolyzed/decomposed to amino acids, sugars and fatty acids and glycerol, respectively. Then, these organics are further degraded to intermediary products such as propionate and butyrate acids, ethanol etc., while H2 and CO2 are generated. The degradation of amino acids and sugars takes place by fermentation process while fatty acids and glycerol are decomposed by anaerobic oxidation. The intermediary organics are further degraded to acetate acid, H2 and CO2. Finally, the acetate acid is decomposed and in combination with the H2 leads to the production of CH4 (methanogenesis). Moreover, CO2 is generated, in lower concentrations.
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Fig. 3: Degradation scheme of the organic material in a sanitary landfill

The volume of biogas generated from a landfill depends on the proportion of the materials in the solid waste deposits with organic content, which is the food for the microorganisms. Organic materials are not decomposed in equal proportions because the biodegradable fraction varies from product to product. For example, a larger proportion of food waste degrades than yard waste. The amount of biodegradable materials in solid waste is determined by the composition of waste and its exposure to moisture in the landfill body. Exposure to moisture is particularly important, since it can be managed as part of the landfill operation. Waste composition is not determined by landfill management, but regulations affecting the supply of organic materials in the commingled waste stream can greatly alter the amount of biodegradable materials per tonne of waste. 

5.2 Biogas composition

The composition of the biogas generated in a landfill is determined by the stages of biodegradation of the waste disposed. The whole degradation procedure occurs in four stages, as illustrates in Figure 4. 
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Fig. 4: Timely gas generation in a sanitary landfill
Stage 1 involves aerobic biodegradation of organics with the consumption of O2 of the air trapped within the waste, fact that leads to the production of equal molar quantities of CO2 (as well as water as a by-product). Also, very low removal of N2 takes place in this stage. As a result, the N2 remains in high levels (75% w/w), the concentration of CO2 increases up to 25% w/w, while O2 is depleted (complete consumption). Daily soil cover on the solid waste supplies the necessary microorganisms for this stage.

Stage 2 is characterized as an anaerobic but non-methanogenic biochemical process, during which a different set of microorganisms becomes active (acidogens or acid formers microorganisms). Their activity is characterized by a three – step process. First, a transformation known as hydrolysis, followed by acidogenesis and finally carbon dioxide generation. The hydrolysis process is the conversion of high molecular compounds into substances suitable for use by microorganisms as a source of energy and cell carbon. In acidogenesis, the hydrolysed products are further transformed into organic acids and other medium molecular weight compounds. During the final step, the microbes produce simple substances, primarily CO2 and traces of hydrogen gas. As a result, CO2 production peaks while production of volatile organic acids and H2 begins. CH4 is not produced in this stage. 

Stage 3 is the anaerobic methanogenic unsteady phase. During this stage, methanogens or methane formers become active. These microorganisms convert the organic acids and hydrogen gas formed by the acid formers mainly into methane. The concentration of CH4 increases rapidly to a relatively constant terminal value (up to 50% w/w). H2 is depleted in a short time period after the beginning of the biochemical actions in this stage, while CO2 is eliminated to concentrations below 50% w/w. 

Finally, during stage 4, the composition of the landfill gases as well as their production rates remain steady, as determined by prevailing conditions. Maturation occurs after the readily available biodegradable material has been converted into methane and carbon dioxide in the previous stages. The biodegradable process is now slow, because the nutrients available and easily biodegradable organics was exhausted in earlier phases. The principle gases produced in this stage are again methane (mainly) and carbon dioxide, although they are generated at very slower rates than during previous stage.

The mechanisms described below as well as the variations in landfill gas composition, illustrates the common pattern in a landfill. Variations in gas production and composition may occur in the cases that nutrient depletion and/or accumulation of inhibitory substances take place in the landfill body.

6. Biogas collection 

An appropriate system must be installed in order to manage the biogas effectively. The management of biogas is an important parameter for the operation of the landfill, since it leads to the elimination of the following:

· Emissions to the atmosphere that can contribute to the greenhouse effect 

· Risk of explosion or fire due to the presence of methane

· Trace gases that can result in objectionable odors

· Emissions that may be detrimental to vegetation

· Accumulation of methane

The collection of biogas could take place by using two basic types of gas collection systems, passive or active (depending on the management purpose and rate of gas production). 

Passive system collects biogas at single points that are not connected. It relies up on the natural forces of convection and diffusion to control emissions. The system consists of an isolated gas vent designed to create preferential pathways for gas migration. Essentially, passive venting is for small landfills while usually, one vent is probably efficient. 

Passive vents can include: 

· a simple trench filled with granular backfill. The depth of the trench must be adequate to intercept migrating gas, while the trench extends from the saturated zone to the surface. This system is effective only when the quantity of the gas is low.

· a trench backfilled with gravel in combination with a membrane installed along the back wall of the landfill

· a gravel trench with vertical vent pipes, allows easy exhaust to the surface

· a gravel trench with a combination of horizontal and vertical vent pipes. This system provides an easier mechanism for gas exhaust to the atmosphere.

Active system consists of deep extraction wells connected by a header pipe to a blower that delivers the gas for energy purposes or to an on-site burner or simply releases it to the atmosphere. Whether the gas can be released to the atmosphere without burning depends on: i. volume of gas, ii. chemical composition of gas (if hazardous air contaminants such as vinyl chloride or benzene are present, then burning is the preferred option), iii. location of landfill (if the landfill is located near inhabited areas, burning is necessary because methane has an odor that may create a nuisance conditions.

Active system can include: 

· extraction systems: They consist of trenches and/or wells in combination with collection headers for extracting gas from deeper layers of the landfill. Trenches are generally employed as perimeter gas extraction system with shallow depths within the landfill, while wells are more practical as primary extractors in thickest portions of the landfill body. The well casings and/or piping installed within the trenches are connected to extraction blowers or pumps. 

· Air injection system: Injection of air can be used as an active mechanism to restrict the migration of landfill gases. Air injection systems are installed in a perpendicular way the gas migration pathway. Air is injected through a header system to create a stable pressure gradient which restricts or reverse the direction of gas migration.

Once the gas collected, is conveyed through a network of pipes to a central processing area. 

In Figures 5 – 6, a typical passive and active gas collection system, respectively, are presented. 
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Figure 5: A typical passive gas collection system
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Figure 6: A typical active gas collection system
7.  Biogas management system

After collection of biogas, alternative techniques could be applied for its effective management. These techniques include:

Gas flare: Depending on the volume and composition characteristics of the biogas, gas reuse options may be limited. Gases are eliminated by burning in small local flares at the landfill surface or through larger, enclosed flare units serving significant areas or all of the facility. Economic exploitation of biogas is effective, when an adequate specific amount of biogas (high quantities of gases that contain high concentration of methane)can be utilized for at least a 10-year period. Then, the biogas can be valorized in a number of different ways, such as:

Electric energy production: One gas reuse option may be to generate electricity. In this case, the gases serve as the fuel for the generator, and the electricity is either used onsite or sold into the local or regional power distribution system. The biogas is converted into energy with 35% efficiency.

Steam or warm water production: Biogas could be combusted in a steam boiler. This technique has a higher efficiency, up to 85%. Moreover, biogas can be used for the production of warm water (efficiency up to 90%).

Biogas cleaning and conversion to natural gas: Another option may be to clean and compress the natural gas as a fuel supply for onsite or offsite use. Because of the high investment cost, this approach is only useful when biogas production is very large. Figure 7 presents a typical gas management system (gas collection and burning system).
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Fig. 7: A typical gas management system in a sanitary landfill

A system for objectively and regularly measuring the air on and around a landfill to promptly detect releases and continuously verify containment and proper elimination of methane and other landfill decomposition gases. 

A sanitary landfill is designed, constructed and operated to provide a number of redundant mechanisms for monitoring the ongoing performance and continued safety of facility. The monitoring system includes devices and procedures to track the volume of methane and other gases generated at the landfill, to detect the release of such gases to the air or ground, and to ensure the proper collection and destruction or reuse of the gases. These systems ensure that a modern, sanitary landfill fully protects public health, safety and the environment. In particular:

Gas flare performance system: This system is applied for inspecting and sampling of emissions from local and central flare units in order to assure proper operation and compliance with permitted emission standards. 

Perimetric gas migration system: Absence of underground migration of decomposition gases are verified by monitoring at a network of perimeter well-like probes, with sampling to determine combustible gas levels.

Surface monitoring system: The surface of the disposal area is monitored regularly and uniformly for combustible gas levels and odors, to assure proper operation of the wells installed within the waste to remove gases.

Area monitoring system: The surrounding area of the landfill (buildings, structures and other locations) is monitored for combustible gas levels and odors. 

Biogas sampling

Gas control and monitoring must be representative for each section of the landfill. The frequency of sampling could be adapted on the basis of the morphology of the site and the predictable quality characteristics of the leachate, which depends on the characteristics of the waste disposed as well as on the landfill age. Indicatively, the volume and the composition of the air emissions could be measured on monthly basis. Moreover, sampling and measurement of air pollutants in the infrastructures and the surroundings must take place in a yearly basis.

Measurements of biogas

The main parameters that are examined for the characterization of the air emissions in a landfill area are: CH4, CO2, O2, H2, H2. Moreover, in longer period time e.g. half- yearly basis, other air pollutants must be measured such as total chlorine, sulfur, nitrogen etc. It must be mentioned that in specific cases, additional parameters may be examined according to the expected composition of the biogas and its alternative management practices. For instance, in cases of recovery and utilization or combustion of biogas, the following parameters could be measured: benzene, hexane, propane, butane, pentane, hexane, iso-propyl-benzene, ethyl-benzene, toluene, dichloro-methane etc.

8. Development of a programme for the control and monitoring of a landfill

I. Collection of meteorological data

Meteorological data from the nearest to the landfill meteorological station shall be collected and evaluated in intervals according the following Table 1:

Table 1: Meteorological data concerning monitoring of landfills

	
	Operation phase
	After-care phase

	Volume of precipitation
	daily
	daily, monthly sum

	Temperature (min., max., 14.00 h CET)
	daily
	monthly average

	Direction and force of prevailing wind
	daily
	not required

	Evaporation (lysimeter)1)
	daily
	daily, monthly sum

	Atmospheric humidity (14.00 h CET)
	daily
	monthly average


II. Collection of leachate, gas and surface water data

Sampling and measuring of the volume and composition of leachate and surface water, if present at the landfill, must be carried out at representative points. Monitoring of surface water, if present, shall be carried out at not less than two points, one upstream from the landfill and one downstream. Gas monitoring must be representative for each section of the landfill. The frequency of sampling and analysis is listed in Table 2 and must also be specified in the permit for operating of the landfill. 

Table 2: Leachate, surface water and biogas data concerning monitoring of landfills 

	
	Operation phase
	After-care phase

	Leachate volume 
	Monthly  (7)
	every six months

	Leachate composition 
	Quarterly  (7)
	every six months

	Volume and composition of surface water (6)
	Quarterly 
	every six months

	Potential gas emissions and atmospheric pressure
	Monthly  
	every six months 


· For leachate, if the evaluation of data indicates that longer intervals are equally effective, they may be adapted. The leachate conductivity must always be measured once a year.

· For leachate and biogas, the parameters to be measured and the substances to be analysed vary according to the composition of the waste deposited. They must be determined in the permit for operating of the landfill (the landfill permit).

· CH4, CO2, O2 regularly, H2S, H2 and other gases as required, with a view to the composition and properties of the waste deposited.

· Efficiency of the gas collection system must be checked regularly

· Volume and composition of leachate are monitored only where leachate collection takes place

III. Collection of groundwater data

a) Sampling

1. The measurements must be carried out in such a way as to provide information on groundwater likely to be affected by the landfilling of waste, with at least one measuring point in the groundwater inflow landfill region and two in the outflow landfill region. The number of measuring points can be increased on the basis of a specific hydrogeological survey and with a view to the need for an early identification of accidental leachate release in the groundwater.

2. Sampling of groundwater must also be carried out in at least three locations before the filling operations in order to establish reference values for future sampling. 

b) Monitoring

1. The parameters to be analysed in the samples taken must be derived from the expected composition of the leachate and the groundwater quality in the area concerned. In selecting the parameters for analysis account should be taken of mobility in the groundwater zone. 

2. Parameters could also include indicator parameters that ensure an early recognition of change in groundwater quality. Recommended parameters: pH, total organic carbon content, phenols, heavy metals, fluoride, AS, anionic active agents/tensides, oil/hydrocarbons.

3. The level of groundwater shall be measured every six months during the operation phase of the landfill and also during its after-case phase. If there are significantly fluctuating groundwater levels in the area concerned, the frequency of measurements must be increased.

4. The frequency of groundwater composition measurements shall be determined depending on the character of the landfill and on the basis of knowledge and the evaluation of the velocity of groundwater flow in the area during the operation phase of the landfill and also during its after-case phase.

5. Significant adverse environmental effects of the landfill should be considered to have occurred, when an analysis of a groundwater sample shows a significant change in water quality. A trigger level must be determined taking account of the specific hydrogeological formations in the location of the landfill and groundwater quality. The trigger level must be laid down in the permit for operating of the landfill whenever possible.

6. When a trigger level is reached according to a special regulation1) (the trigger level), repeating of the sampling is necessary. When the level has been confirmed, a emergency plan must be followed which forms an integral part of the operational rules of the landfill.

7. The observations must be always whenever possible evaluated by means of control charts with established control rules and levels for each monitoring probe. 

8. The control levels must be determined from local variations in groundwater quality.

9. Description of existing models for the calculation of the leachate and the assessment of the environmental impacts 

9.1 General 

Information concerning models that are used for the estimation of the environmental impacts caused by the generation of leachate is given in this Chapter. These models calculate the quantity of the leachate generated in a landfill, simulate its route through the landfill body and estimate/simulate the fate and transport of contaminants from leachate into the ground – water. The characteristics of the models are described and suggestions for their application are carried out. 

9.2 Hydrologic Evaluation of Landfill Performance (HELP) model

Hydrologic Evaluation of Landfill Performance (HELP) computer programme is a quasi – two – dimensional hydrologic model of water movement across, into, though and out of landfills. The model based on weather, soil and landfill design data and uses solution techniques that account for the effects of surface storage, snowmelt, runoff, infiltration, evapotranspiration, vegetative growth, soil moisture storage, lateral subsurface drainage, leachate recirculation (recycling) unsaturated vertical drainage and leakage through soil, geomembrane or composite liners. 

The programme was developed to conduct water balance analyses of landfills, cover systems and soil disposal and containment facilities. As a result, the model facilitates rapid estimation of the amounts of runoff, evapotranspiration, drainage, leachate generation and liner leakage that may be expected to result from the operation of a wide variety of landfill designs. The model, applicable to open, partially closed and fully closed landfills is a tool for designers and operators of landfills.

The HELP model requires general climate data, data for computing potential evapotranspiration, daily climatologic (weather) data, soil characteristics and design specifications to perform the analysis. 

The required general data include: growing season, average annual wind speed, average quarterly relative humidities, normal mean monthly temperatures, maximum leaf area index, evaporative zone depth and latitude. 

Daily climatologic (weather) data include: precipitation (rainfall), mean temperature and total global solar radiation. Daily rainfall data may be input by the user, generated stochastically, or taken from the model’s historical data base. Daily temperature and solar radiation data are generated stochastically or may be input by the user. 

The required soil data include: Porosity, field capacity, wilting point, saturated hydraulic conductivity, initial moisture storage. The model contains default soil characteristics for many soil types, for use when measurements or site-specific estimates are not available. The porosity, field capacity, wilting point and saturated hydraulic conductivity are used to estimate the soil water evaporation coefficient and soil moisture retention parameters. 

Design specifications include: the slope and maximum drainage distance for lateral drainage layers, layer thicknesses, layer description, landfill area, leachate recirculation procedure, subsurface inflows, surface characteristics and geomembrane or other layers characteristics.

The HEPL model taking into account the data mentioned above, simulates daily water movement into, though and out of a landfill. In general, the hydrologic processes modeled by the programme could be divided into two categories, surface and subsurface processes. The surface processes modelled are snowmelt, interception of rainfall by vegetation, surface runoff, surface evaporation of water, interception and snow from the surface. The subsurface processes modelled are evaporation of water from the soil, plant transpiration, vertical unsaturated drainage, geomembrane liner leakage, barrier soil liner percolation and lateral saturated drainage. Vegetative growth and frozen soil models are also included in the programme to aim modelling of the water routing processes. 

Daily infiltration into the landfill is determined indirectly from a surface – water balance. Each day, infiltration is assumed to equal the sum of rainfall and snowmelt, minus the sum of runoff, surface storage and surface evaporation. The daily surface – water accounting proceeds as follows: Snowfall and rainfall are added to the surface snow storage, if present, and then snowmelt plus excess storage of rainfall is computed. The total outflow from the snow cover is then treated as rainfall in the absence of a snow cover for the purpose of computing runoff. A rainfall – runoff relationship is used to determine the runoff. Surface evaporation is then computed. Surface evaporation is not allowed to exceed the sum of surface snow storage and intercepted rainfall. Interception is computed only for rainfall, not for outflow from the snow cover. The snowmelt and rainfall that does not run off or evaporate is assumed to infiltrate into the landfill. Computed infiltration in excess of the storage and drainage capacity of the soil is routed back to the surface and is added to the runoff or held as surface storage. 

The first subsurface processes considered are evaporation from the soil and plant transpiration from the evaporation zone of the upper subprofile. These are computed on a daily basis. The other subsurface processes are modelled one subprofile at a time, from the top to bottom, using a design dependent time step, varying from 30 minutes to 6 hours. Unsaturated vertical drainage is computed for each modelling segment starting at the top of the subprofile, proceeding downward to the liner system or bottom of the subprofile. The progamme performs a water balance on each segment to determine the water storage and drainage for each segment, accounting for infiltration or drainage from above, subsurface inflow, leachate recirculation, moisture content and material characteristics. 

If the subprofile contains a liner, water – routing or drainage from the segment directly above the liner is computed as leakage or percolation through the liner and lateral drainage to the collection system, if present. The sum of the lateral drainage and leakage/percolation is first estimated to compute the moisture storage and head on the liner. Using the head, the leakage and lateral drainage is computed. The moisture storage in liner systems is assumed to be constant; therefore any drainage into a liner results in an equal drainage out of the liner. If the subprofile does not contain a liner, the lateral drainage is zero and the vertical drainage from the bottom profile is computed in the same manner as the upper modelling segments. 

The model can simulate water routing through or storage in up to twenty layers of soil, waste, geosynthetics or other materials for a period of 1 to 100 years. As many as 5 liner systems, either barrier soil, geomembrance or composite liners can be used. 

This model is the most appropriate software tool for the estimation of the quantity of leachate generated in a landfill and it could be used in any type of landfill.  The estimation of the leachate volume is very useful, since this parameter is necessary for the design and development of the appropriate system for the management of the leachate. 

9.3 Modular Ground – Water Flow Model (MODFLOW)

Modular Ground – Water Flow Model (MODFLOW) is a computer programme that simulates  a three – dimensional groundwater flow through a porous medium by using a finite – difference method. According to the model, the groundwater flow process is described by the partial differential equation (equation 1):

∂/ ∂x [Kxx (∂h/∂x) ]+ ∂/ ∂y [Kyy (∂h/∂y) ]+ ∂/ ∂z [Kzz (∂h/∂z) ]+ W = Ss (∂h/∂t)   (1)

Where:

Kxx,, Kyy and Kzz are values of hydraulic conductivity along the x, y, z coordinate axes, which are assumed to be parallel to the major axes of hydraulic conductivity (L/T)

h is the potentiometric head (L)

W is a volumetric flux per unit volume representing sources and/or sinks of water, with W<0 for flow out of the groundwater system and W>0 for flow in (T-1)

 Ss is the specific storage of the porous material (L-1)

T is time (T)

The MODFLOW model solves equation 1 using the finite – difference method in which the groundwater flow system is divided into a grid of cells. For each cell, there is a single point, at which head is calculated. As a result it could estimate the potentiometric head at any time simulating the ground – water flow.

The input of the model refers to layer and list data. Layer data refers to any type of data for which a value is required for every cell in one or more horizontal layers of the grid. Examples of layer data include areal recharge flux, hydraulic conductivity and specific storage. List data refers to any type of data for which data values are required for only some of the cells in the grid. Examples include the well recharge rate and the riverbed conductance as simulated by specific software packages. 

The MODFLOW model could be used for any type of groundwater. Its outcome (direction and rate of groundwater flow) is very useful, especially in the cases that groundwater depth from the landfill bottom is low and possible failure in the waterproofing may result to entering of leachate through groundwater.

9.4 Matched Artificial Dispersivity (MAD) Model

The Matched Artificial Dispersivity (MAD) model, is a computer programme that is used for the estimation of the pollution level of groundwater due to the insertion of leachate generated in a landfill. 

According to the model, the transport of substances into a ground – water system with constant flow is described by the partial – differential equation  (equation 2):

(∂C/ ∂t) + u (∂C/ ∂S) = u {(∂/ ∂S){[(aL + D/u) (∂C/ ∂S) ] + (∂/∂T) [(aT + D/u) 

(∂C/ ∂T) ]} + R + σ      (2)

The form of this equation based on the use of the two principal directions of transport (S, T) as coordinates. S describes the parallel transport while T describes the vertical transport to the groundwater flow. The other parameters used in the equation are:

C: mean concentration of the substance/pollutant in the groundwater

αL= characteristic length of dispersion in parallel to the direction of groundwater flow. The respective dispersion coefficient is DL = uαL
αΤ= characteristic length of dispersion vertically to the direction of groundwater flow. The respective dispersion coefficient is Dt = uαt
D = dispersion coefficient

t = time

R = parameter for physicochemical reactions that may take place (adsorption, degradation)

u = mass transfer velocity (Darcy’s velocity, uD, divided with the porosity n, u = uD/n)

σ = parameter for sink

The MAD model could be used for any type of landfill, since at any disposal site, leachate is generated. Even in the case that the landfill has waterproofing systems (barriers), the outcome of the model could be used as an indicator for the possible threat of groundwater if the waterproofing system failures. 

9.5 Composite Model for leachate migration with transformation products (CMTP)

The Composite Model for leachate migration with transformation products (CMTP) is used to simulate the fate and transport of contaminants leaching from a land – based waste management unit through the underlying unsaturated and saturated zones. CMTP is a useful tool to predict potential exposure at a downstream receptor, by considering: the formation and transport of transformation products, the impact of groundwater mounding on groundwater velocity, finite source as well as continuous source scenarios and metals transport.

Fate and transport processes simulated by the model include: advection, hydrodynamic dispersion, linear or nonlinear sorption and chain – decay reactions. In case where degradation of a waste constituent yields daughter products that are of concern, the model accounts for the formation and transport of up to six different daughter products. The model comprises four major components:

· A module that performs one-dimensional analytical and numerical solutions for water flow and contaminant transport in the unsaturated zone underlying a waste disposal site

· A numerical module for steady-state groundwater flow subject to recharge from the unsaturated zone

· A module comprising analytical and numerical solutions for contaminant transport in the saturated zone

· A Monte Carlo module for assessing the effect of uncertainty or variations in model parameters on predicted contaminant concentrations in a receptor well

There are two types of source release scenarios in CMTP, continuous and finite sources. In a continuous source release scenario, the contaminant leaches out at constant prescribed leachate concentration for an indefinite period of time. In this case, the receptor well concentration eventually reaches a steady-state value. For the finite-source scenario, the release of contaminants occurs over a finite period of time, after which the leachate concentration becomes zero (i.e. all the waste inside the landfill body has leached out). In addition to the concentration, the receptor well concentration for finite scenario is also affected by the duration of the source. 

Continuous source scenario

In the continuous source scenario, the fate and transport model is run in steady-state mode to compute a Dilution-Attenuation Factor (DAF). The DAF is defined as the ratio of source concentration to receptor well concentration. It represents the combined effects of the site, and hydrogeologic and chemical specific parameters on the receptor concentrations. The model run can be conveniently performed using a source leachate concentration value of one, so that the DAF becomes the inverse of the receptor well concentration value. In order to assess the impact of varying site conditions across the nation, the fate and transport model can be coupled to a Monte Carlo module to account for the variability of input parameters. In this way, the model is used to calculate a series of DAF values corresponding to a large number of different model input parameter combinations, reflecting the range of parameter values for different possible waste sites. A probability distribution of DAF values is the result of a Monte Carlo analysis. The resulting DAF values provide a means to identify hazardous versus non-hazardous wastes, based on the DAF values for individual toxic constituents as well as their Health Based Numbers (HBNs) in the waste. 

Finite source scenario

In the case of a finite source, simulations are performed for transient conditions and the source is assumed to be a pulse of finite duration. The length of the pulse duration, in the case of landfills, is determined by the code based upon the initial amount of contaminant in the landfill, infiltration rate, landfill dimensions, waste and leachate concentration and waste density. For other waste management scenarios (i.e. waste piles, surface impoundments, and land application units), the duration of the leaching period is determined by the waste unit’s life time (the default is 20 years for waste piles and surface impoundments, and 40 years for land application units). For the finite source case, the model can calculate either the peak receptor well concentration, or it can calculate an average concentration over a specified period of time. 

Methodology of simulation

Two modes of simulation, deterministic mode and Monte-Carlo mode, are available to the user for applications with CMTP. The selection of one of these modes is dependent on: 1) simulation objectives and 2) the type of data available to simulate the waste management scenario(s) of concern. The deterministic mode uses single values for various source, chemical, and subsurface parameters. This mode is most appropriate for non-probabilistic applications, and simple sensitivity analyses. When using a Monte-Carlo procedure, the source, chemical and subsurface parameters are represented by probability distributions reflecting variations based on national or regional level.

Characteristics in deterministic mode:

· Flow is steady-state in both the saturated and unsaturated zones.

· Transport in the unsaturated and saturated zones can be either transient or steady-state.

· If a finite source is being simulated, both the unsaturated and saturated zone transport modules are implemented in the transient mode.

· Each input parameter is assigned a constant value or treated as a derived parameter. An example is the calculation of the partition coefficient (kd) from the fraction organic carbon (foc) and organic carbon distribution coefficient (koc).

Characteristics in Monte Carlo Mode:

When CMTP is used in the Monte Carlo mode, the primary output from the simulation model is a sequence of receptor well concentration values, where each concentration corresponds to the results of one model simulation. For each simulation, a different set of input parameters are generated from appropriate distributions to calculate a receptor well concentration. The Monte Carlo output is then analyzed to derive regulatory DAF values (waste piles, surface impoundments, and application units) or regulatory limits on leachate and waste concentrations landfills. For the continuous source scenario, the DAF is obtained by dividing the source leachate concentration by the receptor well concentration. Each Monte Carlo iteration yields one DAF value for the constituent of concern (one DAF value for each of the transformation products, if the constituent degrades to a daughter product.) Ordering the DAF values from low to high directly yields the DAF cumulative probability distribution (CDF). If appropriate, CDF curves representing different regional distributions may be combined into a single, weighted curve that represents all regions.  

For the finite source scenario, the post-processing step involves determination of the paired values of leachate concentration, CL in the case of landfills, and total leachable waste concentration, Cw, which satisfy a specified protection level. The characteristics in Monte Carlo mode are:

· Flow in the saturated zone is steady-state in the unsaturated and saturated zones.

· Transport in the unsaturated and saturated zones can be either transient or steady-state.

· If a finite source is being simulated, both the unsaturated and saturated zone transport modules are implemented in the transient mode.

· Prespecified input parameters are represented by probability distributions specified in the input file. It is allowed, however, to specify that a certain parameter is to be treated as a derived variable. An example is the calculation of the waste fraction (ratio of waste volume to facility volume).
Source specific parameters

CMTP can perform Monte Carlo or deterministic analyses for four different types of waste management scenarios: landfills, surface impoundments, waste piles, and land application units. In terms of the model analysis, each type of waste management scenario is described by a relatively small number of parameters. The differences between waste units are represented by different values or frequency distributions of the source-specific parameters. Source-specific stochastic parameters that may be used by CMTP include capacity and dimensions of the waste unit, the leachate concentration, infiltration and recharge rates, pulse duration, fraction of hazardous waste in the waste unit, density of the waste, and concentration of the chemical constituent in the hazardous waste. 

Initial leachate concentration 
The (initial) leachate concentration for each species in the contaminant decay chain being modeled must be provided by the user. For continuous source (steady-state) simulations, the source concentration of the parent compound is conveniently set to 1.0 (mg/L). Initial daughter product concentrations should be set to zero. For finite source simulations, the (initial) parent leaching concentration should be set to a fixed value. An artificially large value (e.g. CL = 106 mg/L) is recommended for computational convenience. Initial daughter product leaching concentrations should again be set to zero. The actual parent leaching concentration that results in the desired level of protection is determined as part of the postprocessing analysis conducted after the Monte Carlo simulation is completed. This procedure is used for organic contaminants and metals with linear sorption behavior. The post processing step takes advantage of the fact that the receptor well concentration for these chemicals varies linearly with the source leachate concentration. 

In the case of metals with nonlinear sorption isotherms, relationship between receptor well concentration and the initial source leachate concentration is nonlinear. Therefore, the model has to be run with different initial source leachate concentrations until the desired protection level is achieved. Because of the nonlinearity the simulation time required is significantly longer than the linear case.

Recharge rates

The model requires input of the net rate of vertical downward percolation through the unsaturated zone to the water table. The model allows the flow rate through the waste source to be different from the regional average rate. The former is referred to as (source) infiltration rate, the latter is referred to as the recharge rate. The source infiltration rate can be different from the recharge rate for a variety of reasons, including engineering design of the waste site, topography, land use, and vegetation. The recharge rate depends on the regional climatic conditions based on: 1) the proximity of the waste site to meteorological centers and 2) the prevalent regional soil type.

Variations in soil types for determining regional recharge rates have been implemented in the following manner: The soil types are grouped as coarse, medium, and fine textures. These three categories are represented in CMTP by soils equivalent in properties to sandy loam, silt loam, and silty clay loam for the landfill cover materials. The recharge rate is determined separately for each soil type.

Infiltration rates

Infiltration rates for landfills, waste piles, and land application units are calculated with the HELP model using the procedure and assumptions regarding design characteristics of different types of waste units. In the case of landfills, if the cover type and soil type underneath the unit are the same, the infiltration rate will be the same as the regional recharge rate for that soil type. 

For the surface impoundment scenario, the leachate flux rate is computed as a derived parameter, as part of the unsaturated zone flow module. In essence, the leachate flux rate is calculated by applying Darcy’s law as a function of: (i) impoundment depth, (ii) thickness of a sediment layer at the base of the impoundment, and (iii) hydraulic conductivity of this sediment layer and the underlying soil material.

Source leaching duration

If a finite source simulation is being performed, the duration of the leachate release period must be specified. The duration of the leachate release period is determined in different ways for each of the waste management units. Except for landfills, the release period is determined by the operational life (or active life) of the unit with default values as follows: Surface Impoundments - 20 years, Waste Pile - 20 years, Land Application Unit - 40 years

In the case of landfills, the waste is left in place after closure of the site, and may continue to leach over a long period of time. The landfill scenario is therefore best handled as follows:

In the Monte Carlo analysis, the pulse duration, tp, is treated as a derived parameter and can be set in one of two ways. Specifically, the amount of contaminant leached over the time period tp must be equal to the amount of contaminant initially present in the landfill. Method 1 assumes that source contamination, CL, is constant until an amount of mass equal to the initial mass is depleted.
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where

d = Depth of waste unit (m)

Fh = Volume fraction of waste unit that contains waste of concern

Phw = Density of the waste (g/cm3)

I = Areal infiltration rate (m/y)

CL = Leaching concentration of constituent (mg/L)

Cw = Total leachable waste concentration of the constituent (mg/kg)

Alternatively, Method 2 calculates tp from a more rigorous analysis that considers the decrease in the source concentration, CL, due to leaching from the waste. In this case, the leachate concentration decreases exponentially, with:
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where

CL0 = Initial leachate concentration (mg/L)

t = Time (yrs)

Source transformation rates

The model has the capability to account for first-order type chain decay reactions inside the waste source. This requires values for the transformation rate constants of the parent compound and any daughter products. By default, however, the source transformation rate is set to zero, i.e., it is assumed that the contaminant does not degrade inside the waste unit.

Chemical  - specific parameters

Chemical-specific parameters describe the degradation, adsorptive and diffusive characteristics of each of the chemical species being simulated. The CMTP accounts for processes such as decay, adsorption, and diffusion. The model handles the chemical-specific parameters of constituents differently depending on whether the chemical being modeled is an organic compound or a metal. Chemical-specific parameters for the two categories are described below: 

Organic constituents

For organic constituents, CMTP accounts for chemical and biological transformations by considering a first order over all degradation rate which may be available directly or derived from acid, base and neutral chemical-specific hydrolysis rates (i.e. Arrhenius equation). The model also takes into account adsorption behavior of organic constituents by calculating a retardation factor based on the organic carbon distribution coefficient (koc) of each constituent and fractional organic carbon in the soil. Other inputs required by the model are reference temperature and constituent drinking water standard. In addition, if a finite source analysis is performed, values are required for the applicable drinking water standard for each constituent, and the exposure averaging period used in the health-risk calculations (e.g. 70 years for a carcinogenic constituent). By default, averaging is not used and the model computes the peak exposure concentration at a downgradient receptor well. In the event that the byproducts are hazardous and their chemical-specific parameters are known, they can be included in the simulation by specifying them to be part of a decay chain. 
Metals

The sorption behavior of metals is divided into two groups; those with linear sorption behavior and those with nonlinear sorption. The sorption characteristics of the first group is represented by a linear adsorption isotherm coefficient (kd) which is a function of the pH in the unsaturated zone. Metals that belong to this group are: As, Sb, Cr+6, Se, and Tl.

The sorption behavior of the second group is characterized by nonlinear sorption isotherms. Metals in this group are: Ba2+, Cd2+, Be2+, Cr3+, Ni2+, Pb2+, Ag2t, Zn2+, V4+. The sorption isotherms for these metals are calculated by a metal speciation model. The sorption isotherm data account for the effect of varying geochemical conditions in the soil and in the aquifer on the mobility of metal species by using different effective sorption isotherms which depend on a number of environmental master variables. For Monte Carlo analyses modeling, these parameters are treated as random variables. Sorption isotherms data are available for various combination of master variables varying from “low”, “medium”, or “high” values. 

9.6 Conclusions concerning leachate models

According to the analysis carried out above, the following could be remarked:

· HELP model is the most appropriate and simple software tool for the estimation of the quantity of leachate generated in a landfill and it could be used in any type of landfill.  The estimation of the leachate volume is very useful, since this parameter is necessary for the design and development of the appropriate system for the management of the leachate. For operators who need to have information only on the leachate volume, this software tool is the most appropriate, since its outcome is right this.

· The MODFLOW model could be used for any type of groundwater. Its outcome (direction and rate of groundwater flow) is very useful, especially in the cases that groundwater depth from the landfill bottom is low and possible failure in the waterproofing may result to entering of leachate through groundwater. 

· The MAD model is a software tool that could be used for the estimation of the pollution level of groundwater due to the insertion of leachate generated in a landfill. It could also be used for any type of landfill, since at any disposal site, leachate is generated. Even in the case that the landfill has waterproofing systems (barriers), the outcome of the model could be used as an indicator for the possible threat of groundwater if the waterproofing system failures. 

· It must be mentioned that there is no mathematical model that could predict the composition of the leachate generated in a landfill. Also, for the development of MAD and any other similar models applied for the estimation of the possible pollution level of groundwater due to the insertion of leachate, primary data concerning the composition of the leachate are necessary. 

· HELP model could be applied, individually, for the estimation of the quantity of leachate generated in a landfill. Similarly, MODFLOW model is applied individually for the estimation of the direction and rate of groundwater flow. On the contrary, MAD model must be applied accompanied to HELP and MODFLOW models in order to estimating the pollution level of groundwater due to the insertion of leachate generated in a landfill.

· The Composite Model for leachate migration with transformation products (CMTP) is used to simulate the fate and transport of contaminants leaching from a land – based waste management unit through the underlying unsaturated and saturated zones. CMTP is a useful tool to predict potential exposure at a downstream receptor, by considering: the formation and transport of transformation products, the impact of ground – water mounding on ground – water velocity, finite source as well as continuous source scenarios and metals transport. The main characteristics of this model are:

· It is suitable for surface impoundments, waste pile, land application units and  landfills
· It is more complex and sophisticated than the other models described above, since incorporate the functions of all the three other models (HELP, MODFLOW, MAD)

· It takes into account the possibility of transformation of the leachate contaminants as well as the formation of new products and by-products during the movement and transfer of leachate inside the landfill body.

· It demands the availability of a significant number of input parameters, fact that is allowed the output of significant number of information  

· For the purposes of the estimation of environmental impacts from leachate generated in landfills in Slovakia, the application of the three models HELP, MODFLOW, MAD (individually or in combination) is suggested, since they are simple, valid, efficient and adequate for the purpose that would be used.

10. Description of existing models for the calculation of the air emissions and the assessment of the environmental impacts – Recommendations

10.1 General

In this Chapter, information concerning models that are used for the estimation of the environmental impacts caused by the generation of air emissions is given. These models calculate the quantity of the air emissions generated in a landfill and as a result, estimation of the relevant environmental impacts could be made. 

10.2 Existing Slovak biogas model

According to the Slovak Technical Standard in preparation, STN 83 8018 Waste landfills. Landfill gas, the biogas production could be determined, applying the following equation:

Gt = 1,868 Co ( 0,014 x ( + 0,28) ( 1 ( 10 ( kt )  (3)

where
      Gt = gas production per year (m3/y(
Co = amount of organic carbon in the waste (for municipal waste, the range is 150 kg/t ( 200 kg/t)

( = temperature (°C(  ( 20 °C ( 40 °C for landfills)

k = coefficient ( 0,03 ( 0,06 for landfills)

t = time  (years(
10.3 Simple model for the estimation of the biogas generation

A simple model that could be used for the estimation of the biogas generated in a landfill based on the following equation (equation 4)

BGt= Lo R (e-kc – e-kt)


(4)

Where:

Lo = Total biogas yield per Kg of waste disposed (m3/Kg)

R= Filling rate (Kg/y)

T= Time since landfill opened (number of years)  

C= Time since landfill closure (number of years)  (if the landfill is still accepting waste, this factor value is 0).

K= Annual rate of biogas generation (1/years)

The annual rate of biogas generation (k) is expressed as an inverse proportion of the assumed number of years that biogas is released. For example, if release is expected to occur over twenty years, then k value is 1/20 = 0.05. Lo value can be estimated and R, t and c are readily available information. For the clarification of the application of this model, an example is given below:

Example

A landfill site operates nearby a city of 130.000 people. The estimated amount of solid waste generated from the citizens and disposed at the landfill site is about 100.000 tonnes per year, while it has a capacity of 1 million tonnes of solid waste. So, the facility is expected to close after 10 years of operation. This landfill has just completed its fourth year of operation. 

The amount of biogas generated in the year just ended could be estimated using the model, as follows:

· Lo: 0.22 m3/Kg (available in literature)

· R: 100.000.000 Kg/y

· t: 4 years  

· c: 0

· k: 0.05/y

BG4 = 0.22 m3/Kg  1 * 108 Kg/y (e-(0.05/y) * 0y  – e-(0.05/y) * 4y) = 3.987.923 m3

(5)

Table 3 presents the results obtained for the estimation of the annual biogas flow during landfill’s operation (ten years) as well as after closure (biogas is expected to be generated for ten years after landfill closure)

Table 3: Annual biogas flow

	Years  (operation)
	Biogas flow (m3)
	Years (after closure)
	Biogas flow (m3)

	1
	1.072.953
	1
	7.583.373

	2
	2.093.577
	2
	6.562.749

	3
	3.064.425
	3
	5.591.901

	4
	3.987.923
	4
	4.668.402

	5
	4.866.383
	5
	3.789.943

	6
	5.701.999
	6
	2.954.326

	7
	6.496.862
	7
	2.159.463

	8
	7.252.959
	8
	1.403.366

	9
	7.972.181
	9
	   684.145

	10
	8.656.326
	10
	0

	Total
	51.165.588
	Total
	35.397.668


The total amount of biogas generated during landfill operation is estimated about 51.165.588 m3, while the amount produced after the closure of the landfill (ten years) is about 35.397.668 m3. Finally, the model predicts that about 86.563.255 m3 of biogas will be generated during its twenty years of assumed generation potential (ten years of operation and ten years following closure).

10.4 Landfill Gas emissions Model (LandGEM) 

The Landfill Gas emissions Model (LandGEM) provides an automated estimation tool for quantifying air emissions from municipal solid waste landfills. The information needed to estimate air emissions from landfills are:

· The design capacity of the landfill

· The amount of waste in place in the landfill or the annual refuse acceptance rate for the landfill

· The methane generation rate (k)

· The potential methane generation capacity (Lo)

· The concentration of total nonmethane organic compounds (NMOC) and speciated NMOC found in the landfill gas

· The years the landfill has been in operation

· Whether the landfill has been used for disposal of hazardous waste (co-disposal)

The estimation method used by the model is a simple first – order decay equation and estimates annual emissions over any time period specified by the user.  

The methane generation rate constant (k) determines the rate of generation of methane for each submass of refuse in the landfill. The higher the value of k, the faster the methane generation rate increases and then decays over time. The k values range from 0.003 to 0.21, according to data collected from the application of theoretical models using field test data and from actual field test measurements. If no user – specified k value is entered into the model, default values are used for k. The value for the potential methane generation capacity of refuse (Lo) depends only on the type of waste disposed. If no user – specified Lo value is entered into the model, default values are used for Lo.  

The model also contains a list of air pollutants expected to be emitted with landfill gas and the possible concentrations of these air pollutants. The default air pollutants included in the model are designated as a hazardous air pollutant (HAP) or a volatile organic compound (VOC) with the HAP or VOC abbreviation after their chemical names.  Finally, the model includes three suggested default NMOC concentrations, according to the type of refuse and the extent of the reactions take place in the landfill body.

In general, the model provides the following features:

· Emission rate estimates for methane, NMOC and selected air pollutants emitted from the landfills, annually over the life of the landfill and for a specified number of years after landfill closure.

· Estimates for the year of closure for a landfill based on the landfill capacity and refuse acceptance rate

· Reports of emissions by pollutant over the life of the landfill

10.5 Other landfill gas emissions models. 

Table 4 presents software models and methods for the estimation of biogas emissions from landfills. These models are used in the member states to report to the EC for the purposes of the European Pollutant Emission Register (EPER).  

10.6 Conclusions

There is a significant number of models applied for the estimation of the air emissions from landfills. These models are quite simple (less simple than the models used for leachates), they use the same approach and there is no need for the input of primary data in order to be applied. This fact, gives the chance to the operators and administrators to choose the most appropriate one for their needs. 
Table 4: Software models and methods for the estimation of biogas emissions from landfills

	Member State
	Methodology
	Methodology based on
	Specifications
	Number of reported landfills 

	Austria
	· different approach for residual and non residual waste

· residual waste: methodology of Tabasaran and Rettenberger [described in Baumler et al. 1998] 

· to determine the total amount of landfill gas emissions for one year, the amounts generated by waste disposed in the last 31 years are summed up. 

· after subtracting the collected gas and multiplying by the CH4 content of landfill gas (approximately 55%) the emitted quantity of CH4 from residual waste was obtained.

· non residual waste: methodology of Marticorena [described in Baumler et al. 1998]

· the deposited non residual waste was split up into two groups and the incidental quantity of gas was calculated for each group.
1. Well bio-degradable waste (half-life period: 1-20 years)
2. Hardly bio-degradable waste (half-life period: 20-100 years)

· after calculating the total emitted gas of each group the values were summed up,

· multiplied with the collecting factor and the share of CH4 in the generated gas.

· recoverd methane is substracted from total emissions


	first order decay model
	residual waste

· amount of landfill-gas produced in the year of disposal and in the 30 years after disposal are taken into account. 

non residual waste

· very hardly bio-degradable waste was not considered.
	31

	Belgium
	· first order decay model to take into account the various factors which in​fluence the rate and extent of methane generation and release from landfill

· the overall methodology follows the Tier 2 IPCC methodology (equation 5.1, IPCC GPG)



SP,Y = QY * DOC * k * C* exp (-k * (t)

where :

SP,Y 
= biogas generation rate at year P (m3)
QY 
= the quantity of waste disposed year Y (Mg)

DOC 
= initial degradable organic carbon (kg/Mg)

k 
= biodegradation rate constant (% / yr)

C 
= % of DOC really degraded (%)

(t 
= the time since initial disposal (Y-P) (yr)

· recoverd methane is substracted from total emissions
	first order decay model according to IPCC approach (Tier 2)
	the model assumes that :

· the waste decomposes during 25 years

· there is an aerobic period of 1 year with no methane production 

· the landfill gas contains 55 % of CH4 and 45 % of CO2
· there is a CH4 oxidation in the upper layer (10 %)

· the DOC reduction reflects the increased sorting of municipal waste

· DOC, k, and C are constants which are defined for municipal and industrial waste
	4

	Ireland
	LandGem (USEPA)

· simple first order decay equation which needs the following information:

· the design capacity of the landfill,

· the amount of refuse in place in the landfill, or the annual refuse acceptance rate for the landfill,

· the methane generation rate (k),

· the potential methane generation capacity (Lo), 

· the concentration of total nonmethane organic compounds (NMOC) and speciated NMOC found in the landfill gas,

· the years the landfill has been in operation, and

· whether the landfill has been used for disposal of hazardous waste (codisposal).


	first order decay model
	- 
	48

	Nether-lands
	TNO – First order model

· landfill gas formation in a certain amount of waste is assumed to decay exponentially in time
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where:

(t 
= landfill gas formation at a certain time
[m3/yr]

( 
= dissimilation factor


[-]

A
= amount of waste in place

[Mg]

Co
= amount of organic carbon in waste
[kg/Mg waste]

k1
= model parameter first order model
[yr-1]

t
= time elapsed since depositing

[yr]

Afvalzorg – Multi phase model

· takes into account typical fractions of slow, moderate and fast degadables
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For both models: recoverd and oxidised methane is substracted from total emissions


	first order decay model
	· two models are available
	0


11. Measures to minimize and manage emissions from landfills

This Chapter refers to practical measures and actions that could be used for the minimization and management of the air emissions and leachate generated in landfills. These measures and actions are based on Greek and international experience.

10.1 Leachate 

The most common strategy for leachate control and minimization is to minimize the amount of water infiltrating the landfill site. Main factor which determines the control of water into the wastes is the type of top cover of the landfill. Permeability is the greatest parameter in determining the movement of water through soil and consequently, a landfill covered with clay would allow only a fraction of the water to infiltrate into the wastes compared to a sand or gravel cover. 

The density of the fill also affects the rate of infiltration of water into the landfill body. As a result, appropriate attention must be given to the technique used for the disposal of the wastes.

The slope of the surface of the landfill is also important. On a flat slope, water tends to collect and subsequently infiltrate, whereas on steeper slopes the water tends to runoff, thus reducing the amount of water reaching the wastes contained in the landfill. 
Control of the surface drainage in the area near to the landfill is also important. Surface water from areas outside the landfill site should be diverted away from the landfill or from areas where the subsurface water flow may subsequently be into the landfill. 

Another practical approach to reducing leachate quantities is the use of vegetation. Vegetation on the landfill influences the surface runoff because the vegetation intercepts and holds back some of the precipitation, which then allows more time for evaporation. The roughness of the surface increases with vegetation and this tends to reduce velocities of surface runoff and hence reduce erosion. The most important aspect of vegetation is its effect on soil water as the water is drawn out of the top cover and upper layers of the landfill and moves up through the plant. This water is lost by transpiration from the plant surface and thus reduces the quantity of water percolating down into the lower areas of the landfill. 

Moreover, regular control of the top cover must take place in order to prevent or determine erosion in time. Also, establishment of an appropriate control and collection system of the surface water runoff is necessary, in order to prevent flow onto and into the active portion of the landfill

Finally, recirculation of leachates into the mass of decomposing wastes. By applying this practice, the moisture content of the refuse is increased and the onset of anaerobic conditions is accelerated, resulting to an increase in the rate of stabilization of the wastes. 

10.2 Air emissions 

In planning a landfill, cognizance must be given not only to leachate minimization and management but also to gas (methane and carbon dioxide) movement and measures that prevent migration of gas may be necessary. The options are the inclusion of an impermeable barrier, gas wells or gas venting trench at the side of the landfill. The use of impermeable barriers for the control of leachate movement can be used for the prevention of gas migration. 

Boreholes or gas wells can be installed around the edge of the site in order to prevent gas migration. The gas wells require suction to ensure efficient venting of the gas and thus this approach is an expensive option and only applicable when combined with a scheme for gas collection and usage.

Gas can be vented from the side of the landfill site through trenches or from within the landfill site by vents. This can be considered as a gas collection practice, although the idea is not to use the gas but to stop the gas migration in an undesirable or dangerous direction. For sites up to 5 m deep, a trench with coarse aggregate or rubble should be satisfactory. For deeper landfills such a venting system must be included at the edge of site as the site is filled, so that the vent increases in depth with the fill. The vent should not be compacted and care must be taken to ensure that the upper surface does not become blocked or clogged. Also, the vent must remain relatively dry in order to maintain its permeability to gases. Therefore drainage, either natural or pumped must be present to allow the escape of water percolating into the vent. 

If the methane is to be used as an energy source, then the gas has to be extracted from the landfill. This is usually achieved by sinking a series of boreholes which are connected to a partial vacuum. The suction pressure in the well is around 0.6 m of water and this pressure drop creates a gas flow from the fill into the well. The gas from the well is warm is warm and saturated with water. As the gas cools in the collection system water condenses. At various stages in the collection system condensate drains or condensate traps must be included; otherwise the build-up of water could create major problems in the gas pipeline. The wells must also have a facility for dewatering; otherwise water may accumulate in the bottom of the well. 

11. Procedures followed for landfill remediation and aftercare

In the following, the procedures that are followed for the closure, remediation and aftercare of landfills are given, according to the Greek and international experience.

11.1 Landfill closure and remediation

Closure is the process which a landfill goes through after it stops receiving waste. The goal of this process is to design, construct all the structures and facilities that ensure the complete rehabilitation and safe performance of the landfill after stopping the disposal procedures. A final cover system is constructed to provide optimal rates of infiltration, evapotranspiration and run-off, sustain vegetation and prevent erosion. Moreover, the systems for the collection and management of gas and leachate must continue to operate effectively, as well as monitoring systems for gas emissions, groundwater and surface water. 

Depending on planned site use, factors that can be modified are: cover thickness, slope, cover/waste ratio, degree of compaction, use of additives and cements, selective disposal, and setting aside undisturbed structural pads. The consequences of changing plans for landfill site and use will usually require costly modifications, such as the removal of settlement prone cover and waste layers.

The closure and rehabilitation procedures based on engineering, landscape and revegetation considerations. The general objectives for reclaiming a landfill are:

· The restoration of the landscape 

· A result that either allows flexibility in future land uses or provides specifically for a planned land – use

· A landscape which is visually acceptable and fits into the surrounding landscape without discord

· The provision of an agreeable habitat for flora and fauna in a balanced ecosystem

· An economic return from the after - use.

Closure procedures

The closure procedures that must be followed when either the entire landfill, or a phase of it, has been filled to capacity include the following actions:

Before closure: 

· Identify final site topographic plan 

· Prepare site drainage plan 

· Specify source of cover material 

· Prepare vegetative cover and landscaping plan 

· Identify closing sequence for phased operations of on-site structures

· Specify engineering procedures for the development of on-site structures

· Schedule closing date

· Prepare final time-table for closure procedures 

At closure:

· Erect fences or appropriate structures to limit access 

· Post signs indicating site closure and alternative disposal sites 

· Collect any litter or debris and place in final cell for covering 

· Place cover over any exposed waste

A short time period after closure:

· Complete needed drainage control features or structures 

· Complete as required gas collection and management system

· Complete as required leachate collection and management system 

· Complete as required monitoring devices (gases, groundwater, surface water)

· Install settlement plates or other devices for detecting subsidence 

· Place required thickness of soil cover over landfill 

· Establish vegetative cover

As mentioned above, the main factor for the effective closure of an end-of –life landfill is to limit entry of water-to reduce leachate generation. Correct cover placement is an important control technique. A final cover, consisting of an initial layer of relatively impermeable soil followed by top soil, is usually recommended. The use of geomembranes to further restrict water entry into the closed site is becoming a more frequently utilized control technique. 

Vegetation

After cover placement, the area should be vegetated to prevent erosion. The procedure that could be followed includes the following: 

· Selection of the type of vegetation  

· Determination of the depth of soil cover (cover soil must be at least 0,6m deep for grass establishment and 1m for trees)

· Establishment of an erosion control program (the soil on recently covered landfills must be stabilized soon after spreading, to prevent erosion). 

· Determination of the soil nutrient status: Soil tests should be made for pH, nutrients (nitrogen, phosphorus, organic matter, metal traces etc.), conductivity, bulk density, etc. 

· Determination of soil bulk density (cover soil is frequently compacted by landfill equipment during spreading operations to bulk densities that will severely restrict plant root growth). 

· Amendment of soil cover (the soil over the entire planting area should be amended with lime, fertilizer; and/or organic matter according to soils tests before planting).

· Selection of  landfill-tolerant species (Grasses and other ground covers can be selected for planting in the soil cover by evaluating the results of the experimental plots established earlier to determine landfill-tolerant species). 

· Plant grass and ground covers (it is generally desirable to embed the seed in the soil. Mulches can be used as an alternative to embedding the seed but are not as effective). 

· Development of tree and shrub growth (trees and shrubs should not be planted for one or two years after grass has been planted. If the grass cannot grow because of gases from the landfill, other deeper-rooted species are not likely to thrive either).

Building on a landfill

Engineering techniques are available for constructing many types of facilities over a closed landfill. Depending upon the type of facility being installed, it may be necessary to extend pilings through the landfill and into the underlying base material. In certain instances, it may be possible to employ special foundations or footings to support the load being placed upon the fill. Major design considerations for building on a landfill include consolidation-time-settlement relationships and load-bearing capacities developed from field and laboratory data.

The hearing capacity of the landfill will depend on the operation. Low bearing capacity can be overcome by increasing the soil thickness used for final cover. In this way, soil resists both punching and rotational shear. The minimum recommended soil thickness is 1.5 times the width of structural footings. Placing and compacting special waste under the areas planned for buildings is also an option. For example, fly ash and bottom ash may be compacted in assigned areas while other solid waste is distributed elsewhere in adjacent areas. 
Incorporation of stabilizers into the soil during cover placement can improve the bearing capacity of the landfill. Common chemicals mixed with soil include lime, portland cement, and various organic chemicals. The desired effect may be strengthening by cementation, waterproofing, or dispersion for greater density and lower permeability. Pressure-injection grouting of lime slurry is also an option for increasing bearing capacity. 

When constructing facilities on a landfill, special consideration should be given to the placement and building service entrances of the sewer, water, electric, and gas utilities. If trees will be located on the landfill cover, special consideration for having a deeper soil cover at the appropriate locations should be provided for when closing the landfill. 

When designing structures on a landfill, one must also be aware of gas-venting techniques that will be needed to prevent the accumulation of methane gas within structures. These controls may include vent pipes, suction blowers, or various means of natural ventilation.

Often, drainage problems can result in accelerated erosion of a particular area within the landfill. Differential settling of drainage control structures can limit their usefulness and may result in failure to properly direct storm water off the site. Failure to maintain the physical integrity of the landfill cover promotes additional infiltration into the landfill and eventually results in increased leachate production.

Gas and leachate control

Quantities of gas and/or leachate may be found migrating away from the landfill if control systems were not installed or fail. The control systems for gas and leachate management require continuous attention after closure. Groundwater monitoring wells and gas probes should be incorporated into the design to check control system performance. Remedial actions for controlling gas and leachate involve implementing some type of engineering control system along the perimeter of the site and, in some cases, within the landfill itself. In many cases, remedial actions are much more expensive than if the gas or leachate had been properly managed with facilities installed when the landfill was being developed.

Groundwater that has been contaminated by leachate can be dealt with in many ways. Impermeable barriers constructed of bentonite slurry, cement or chemical grouts, or sheet piling can be installed vertically to prevent groundwater from migrating away from the site, or divert groundwater so that contact with leachate is prevented. These methods are considered passive groundwater control. Pumping of groundwater with subsequent surface treatment is considered an active remedial measure. Implementation of a leachate control program requires an extensive engineering study to determine the most effective and economical approach. 

11.2 Post closure care (aftercare)

Post closure is the process which is used to allow a landfill to stabilize to the point where it no longer presents a potential threat to environment and human health. During the post closure period, the closed landfill is carefully and routinely controlled and monitored in order to: i. insure that erosion does not compromise the final cover system, ii. insure that settlement of the landfill body does not occur (avoidance of landslide), iii. detect groundwater and/or surface water contamination, iv. detect migration of landfill gases.

The post closure period begins once the landfill closure has taken place effectively. A typical time period for post closure aftercare of a landfill is 30 years. The aftercare could be terminated earlier, only in the cases in which it is demonstrated that the  landfill under examination has been completely stabilised. On the contrary, the aftercare could be extended after the period of 30 years, in the cases that the landfill stabilization is still in progress. 

During the post closure care, the following are controlled and monitored:

Groundwater quality: The groundwater quality should demonstrate that there are no increasing trends in the concentration of constituents and that there have been no exceed of groundwater protection standards as a result of landfilling activities. 

Gas emissions: The gas collection and management system is inspected on a scheduled basis and gas emissions are measured and analysed in order to demonstrate that: i. methane and other gases is not migrated beyond the facility boundary or into any permanent on-site structures, ii. methane generation rates have stabilised or begun to decline. If it is determined that methane continues to be a potential problem at the facility boundary, additional corrective actions and measures is necessary to be applied.

Leachate: The leachate collection and management system is inspected on a scheduled basis and the quantity and quality of leachate during post closure period are determined. 

Settlement: Periodic settlement measurements must take place in order to demonstrate that: i. the settlement has not created irregularities in the final soil cover which may increase the potential for the percolation of water in the waste or/and for surface erosion, ii. additional settlement has not occur or that it has not be quite significant to create problems at the performance of the landfill site. Moreover, the elevation and grades of the entire landfill site are measured and the results obtained are compared to the elevation and grades values measured at landfill closure.  

Cover and surface water system: The final cover system as well as the surface water system is inspected periodically in order to confirm their effective performance.
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