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ABSTRACT
Biogas in landfill is being captured by natural and engineered processes. The natural processes

are represented by biological activities such as bacterial methane oxidation and plant uptake for
carbon dioxide at topsoil layer. Landfill gas is transported through soil layers in landfill top or in
nearby areas before being released to the atmosphere. Whilst transported in the soil layers the
biogas is mixed with atmospheric air and the methane may hence be oxidized by the
methanotrophic bacteria in the soil using oxygen from atmosphere. Methane oxidation is affected
by different environmental factors such as; temperature, water content, nutrients, substrate and
oxygen concentrations. One of the ways to decrease greenhouse emissions in the future is to plant
fast growing woody crops thereby sequestering carbon and displacing fossil fuels by harvesting
woody biomass for bio-energy, or by storing carbon in long-lived woody products. Plant uptake for
carbon dioxide is affected by some parameters such as; CO2 concentration, nitrogen concentration,
water content and temperature. The engineered processes are represented by various physical
biogas extractions; gas is collected using network of collection pipes and wells. The gas collection
efficiency in landfills is between 40-90%. Landfill gas can be collected by either a passive or an
active collection system. Passive gas collection systems use existing variations in landfill pressure
and gas concentrations to vent landfill gas into the atmosphere or a control system. Active gas
collection is considered a good means of landfill gas collection. An active collection system composed
of extraction wells connected to header pipe to a pump that delivers gas for energy recovery. 
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INTRODUCTION
Solid waste at landfills is a free source of energy, biogas is generated naturally by bacterial

activity and thus municipal solid waste is recently manipulated via several approaches that entail
sustainable management systems, techniques, models, policies and strategies (Liamsanguan and
Gheewala, 2008; Rada et al., 2009; Ionescu et al., 2013; Vaccari et al., 2012).

The biodegradable municipal solid waste material is made up of vegetation, domestic matter,
paper, garden waste, wood and textile material. The organic carbon is the common element
between biodegradable materials that allows the development of energy and methane production.
On  previously  mentioned  bases,  municipal  waste  is  being  investigated  by  many  studies
(Trulli et al., 2013; Chanakya et al., 2009; Rada et al., 2013).
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In land filled waste, the biochemical reactions go through several phases: hydrolysis phase, an
acidogenesis phase and the methanogenesis, which is the main source of methane contained in the
final biogas mixture. Biological processes under anaerobic conditions drive the production of biogas,
a gaseous mixture composed almost of methane (CH4) and carbon dioxide (CO2). Anaerobic bacteria
is responsible of the decomposition of organic material (Davis and Cornwell, 2008). 

Landfill gas production rate is influenced by functional parameters such as abiotic factors and
landfill operation procedures (Christensen et al., 1996). The abiotic factors of concern can be
summarized as: pH, nutrients, inhibitors, temperature and water content, while the landfill
operation procedures of concern can be summarized as; waste composition, sewage sludge addition,
shredding, compaction, soil cover, recirculation of leachate and pre-composting. 

The methane producing bacteria is called methanogens which operate within 6-8 pH in
methanogenesis process. Anaerobic ecosystem requires much less nitrogen (N2) and phosphorous
(P) than the aerobic system does. The optimal ratio for organic matter (as COD), N2 and P content,
is 100:0.44:0.08 (Christensen et al., 1996). Nutrients and metal supplementation have a positive
effect on biogas production rate (Isci and Demirer, 2007). An adequate ratio of nitrogen (N) and
phosphorus (P) is also required by the anaerobic ecosystem (Zhang et al., 2014).

The temperature for mesophilic bacteria is in the range of 30-35°C, while 45-65°C is for the
thermophilic bacteria. The active temperature for methanogens is in the range of 30-50°C. The
optimum temperature range of gas generation is between 30-45°C during the main landfill gas
generation phase (Williams, 2005). The change of temperature will have an impact on the growth
and the activity of the microorganisms (Mora-Naranjo et al., 2004). The range of moisture content
in a typical landfill is 15-40% with a typical average of 30% (Williams, 2005). The moisture content
controls methane production, since it stimulates microbial activity by providing closer contact
between soluble and insoluble substrates and bacteria (Machadoa et al., 2009).

There are two main ways to capture biogas emission from landfills. One, like those in Northern
Europe where there are many small and old landfills with low gas generation that is biologically
uptaken (Jones and Nedwell, 1993; Boeckx et al., 1996; Borjesson and Svensson, 1997), where
biological biogas uptake at landfills is apparently executed by biological methane oxidation by
methanotrophs and carbon dioxide uptake by plants. Other option is gas collection and utilization,
which could be very effective with a high gas generation. In this case, biogas can be collected by
means of vertical and horizontal drain pipes and is employed to produce heat and energy. There
are  different  technologies  being  studied  to find the best handling of biogas collection
(Andreottola and Cossu, 1988; EMCON Associates, 1980; El-Fadel, 1991). 

BIOLOGICAL METHANE OXIDATION
Methane has Global Warming Potential (GWP) 21 times more than carbon dioxide. Atmospheric

methane concentration has doubled during the last 100 years and is an explosive gas in
concentrations between 5 and 15% in air, a 10% of global anthropogenic source of methane is from
MSW landfills (Chalvatzaki and Lazaridis, 2009; Zhang et al., 2008).

While soils have not been considered as significant sinks for methane until recently, methane
consumption has been reported in agricultural soils, forest soils, tundra and bogs (Topp and
Hanson, 1991). Biological oxidation of CH4 by bacterial methanotrophs has attracted much
attention from the research community as an inexpensive waste gas treatment mechanism.
Methane oxidizing activity, with a decrease in soil oxygen and an increase in microbial biomass,
has been demonstrated in soils around leaks in natural gas pipes (Adams and Ellis, 1960)  and  in
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landfill covers (Kightley et al., 1995; Whalen et al., 1990; Bogner et al., 1995). Methane oxidizing
activity in soils is an event that could have a strong effect on CH4 emissions control from sources
such as municipal landfills and the optimization of this process may give out an inexpensive
strategy for controlling and utilizing emissions of this potent greenhouse gas.

Microbial oxidation in well-drained soils is the only identified biological sink for atmospheric
CH4  and  accounts  for  3-9% of total annual atmospheric CH4 destruction (Prather et al., 1996).
This is similar in magnitude to the current atmospheric increase (Houghton et al., 1996).
Accordingly, alterations of the soil sink strength are a significant determinant of the rate of change
in the atmospheric CH4 concentration (Prather et al., 1996) and absence of this sink will cause the
atmospheric CH4 concentration to increase at 1.5 times the current rate (Duxbury, 1994). The
control of aerobic methane oxidation is obviously related to the requirement for oxygen and
methane. As a result, maximum oxidation rates are found where diffusion of oxygen from above and
of methane from below is optimal for methanotrophs (King, 1992; Sundh et al., 1995a, b).

Xin et al. (2004) showed that methanotrophs oxidizes methane to carbon dioxide through
sequential reactions catalyzed by a series of enzymes including methane monooxygenase, methanol
dehydrogenase, formaldehyde dehydrogenase and formate dehydrogenase. Methanotrophic bacteria
cultivate aerobically on methane as a sole source of carbon and energy. The first two enzymes
involved in methane oxidation are methane monooxygenase (MMO) and methanol dehydrogenase
(MDH) (Anthony, 1986). The MMO oxidizes methane to methanol and MDH catalyzes the oxidation
of methanol to formaldehyde. Methylosinus trichosporium OB3b is a methanotrophic bacterium and
contains two forms of MMOs: a soluble (sMMO) and a membrane-bound particulate (pMMO) whose
syntheses depend on growth conditions (Murrell et al., 2000; Nielsen et al., 1997; Takeguchi and
Okura, 2000).

Methane emission rates were strongly dependent on the oxidation coefficient utilized, which
varies with the cover material and microclimate conditions of the site (Moreira et al., 2015). The
maximum methane oxidation rates values for compost cover layer is higher than regular soil cover
(Abichou et al., 2009). Some experiments in the literature such as, Im et al. (2009), Abichou et al.
(2009), Scheutz et al. (2008, 2009) and Scheutz and Kjeldsen (2004) show that methane oxidation
rate in landfill covers obtained in field and laboratory measurements usually formatted as
parameters follow Michaelis-Menten kinetics equation and this present very different rates of
methane oxidation under different site and microclimatic conditions. Methane oxidation rates
depend upon different variables such as microclimate conditions, temperature, atmospheric
pressure, moisture, soil conditions, oxygen concentration, methane concentration and amount of
methanotrophs (Spokas and Bogner, 2011; Chanton et al., 2011).

Landfill gas is transported through soil layers in landfill top covers or in nearby areas before
being released to the atmosphere. Whilst transported in the soil layers the biogas is mixed with
atmospheric air and the methane may hence be oxidized by the methanotrophic bacteria in the soil
using oxygen from atmosphere. Methane oxidation is affected by different environmental factors
such as: temperature, water content, nutrients, substrate and oxygen concentrations (Hanson and
Hanson, 1996). In the following sections is the description of environmental factors effect on
methane oxidation.

Effect of soil moisture: Christophersen et al. (2000) showed that methane oxidation rate is a
function of soil moisture content at different temperatures for the different soils. The optimum  soil
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moisture content was different for each soil and depended on the temperature. Some soils had the
lowest optimum soil moisture content and others had the highest. At lower temperatures the
difference in oxidation rates with soil moisture content was reduced. 

Methane oxidation rates decreased extensively after soil samples were dried below field
moisture contents, increased to an optimum value as water was added and decreased with
sustaining  water  addition. The maximum oxidation rate occurred at moisture content of 15.4%
(dry weight basis) (Stein and Hettiaratchi, 2001). The texture and structure of soil will influence
its moisture content in a manner that is site specific, depending on climatic variables such as
temperature, solar flux, average wind speed and the type of vegetative cover (Stein and
Hettiaratchi, 2001). Methane uptake was controlled strongly by soil moisture, with reduced fluxes
under conditions of very low or very high soil moisture contents. The mineral soil Q10 (Q10 is the
value for how many times the oxidation rate increases when temperature is increased 10°C at
temperatures below the optimum temperature) of 1.11 for CH4 uptake indicates that methane
uptake is controlled primarily by physical processes (Bowden et al., 1998).

Effect of temperature: Christophersen et al. (2000) showed for all the soil investigations, the
oxidation rate increased with increasing temperature. Predictably, optimum temperatures were
not found in this experimentation. For all the soils the optimum temperature must be higher than
15°C, which was the highest temperature in these explorations. Most researchers found optimum
temperatures around 30°C, which do seldom occur in temperate soils. Dunfield et al. (1993) found
optimum temperature for the methane oxidation around 25°C. As the temperature is increased,
CH4 oxidation increases exponentially to maximum and then decreases with continued temperature
increase (Stein and Hettiaratchi, 2001). 

At high methane concentrations the oxidation becomes saturated and the rate-limiting stage
is the enzymatic action. Thus, the temperature response is something like parabolic: increasing
rates with increasing temperature to a maximum and declining with continued temperature
increase (Bailey and Ollis, 1986). King and Adamsen (1992) investigated soil cores where the
temperature was increased between 0 and 30°C. The depth distribution of methane consumption
and methane diffusion showed low sensitivity to changes in temperature. They observed methane
consumption at -1°C and they suggested that methane consumption might occur at low
temperatures on condition that the soil water remains liquid. Sommerfeld et al. (1993) showed that
the soil microflora was active even when the soil was snow-covered and near 0°C and that methane
consumption was taking place under that condition. In the 0-10°C range methane oxidation was
about 13-38% of maximum activity. Prieme and Christensen (1997) observed methane oxidation
to be active at low temperatures, down to 1°C in the field and -2°C in soil core experiments. Both
in the field and in soil cores similar temperature responses of methane oxidation were measured.
This indicated that temperature acts directly (i.e., via its effect on enzymatic processes and
methane diffusion) on methane oxidation in the field. They suggested that the small temperature
response of methane oxidation was partly a result of low substrate concentration. 

Effect of organic matter content and methane concentration: Oxidation rates increased with
increasing organic matter content. The optimum soil moisture content also increased with
increasing organic matter content (Christophersen et al., 2000). Oxidation of methane in top covers
of landfills has been observed on several occasions and soil exposed to elevated methane
concentrations   can   develop   a   high   potential   for   methane  oxidation   (Whalen  et  al.,   1990;
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Kightley  et al., 1995; Boeckx et al., 1996; Czepiel et al., 1996; Borjesson and Svensson, 1997;
Bogner et al., 1997). Low initial methane concentrations resulted in low maximal oxidation rates
(Boeckx and van Cleemput, 1996; Boeckx et al., 1996). The oxidation rates at low initial methane
concentrations were much lower than oxidation rates at high initial methane concentrations and
the oxidation was performed by different kinds of bacteria (Bender and Conrad, 1992). Several
researchers have shown that different species of bacteria are active at low and high methane
concentrations (Bender and Conrad, 1994; Kightley et al., 1995; Bogner et al., 1997). 

Effect of nitrogen content: There is a worldwide increase in atmospheric nitrogen (N) deposition
on terrestrial and aquatic environments (Matthews, 1994; Galloway et al., 1995). Methanotrophs
are inhibited by high soil N; driving attention that the contemporary worldwide increase in
atmospheric N deposition will decrease soil CH4 oxidation. Oxidation of CH4 by methanotrophic and
methylotrophic bacteria occurs in aerobic soils and the magnitude and rate of oxidation are
influenced by soil type, aeration, environmental parameters and Nitrogen availability (Topp and
Pattey, 1997; Le Mer and Roger, 2001). Application of fertilizer has been shown to inhibit CH4

oxidation in soil (Steudler et al., 1989; Hutsch, 1998; Tlustos et al., 1998; Kravchenko et al., 2002).
Nitrogen content frequently shows low atmospheric CH4 oxidation comparative to unfertilized
controls (Steudler et al., 1989; King and Schnell, 1994; Sitaula et al., 1995).

In two marshes, the vertical distribution of methane oxidation in the sediment and methane
oxidation inhibition by ammonium was investigated by Van Der Nat et al. (1997). In a slurry
incubation experiment, he conducted tests for two sites different in their prevailing vegetation type,
i.e., reed and bulrush and in their heights above sea level. Inhibition of methane oxidation by
ammonium was observed in all samples and depended on methane and ammonium concentrations.
Increasing ammonium concentrations resulted in more inhibition and increasing methane
concentrations resulted in less inhibition. Increasing atmospheric concentrations of CO2 may
increase emissions of N2O by denitrification and either increase or decrease the ability of soil to
buffer atmospheric CH4 depending on fertilizer application (Baggs and Blum, 2004).

Effect of leachate recirculation, metals and minerals: Leachate recirculation is one option
for inexpensive leachate disposal (Kinman et al., 1987; Cureton et al., 1991), in reducing the cost
of post-closure care and long-term liability (Diamadopoulos, 1994; Westlake, 1995; Reinhart and
Al-Yousfi 1996). It could participate to improve leachate quality; reduce volume of leachate to be
treated  and  enhance  gas production (Reinhart, 1996; Sulisti et al., 1996; Warith et al., 1999).
Chan et al. (2002) found that leachate recirculation reduced waste stabilization time and was
effective in enhancing gas production and improving leachate quality, especially in terms of
Chemical Oxygen Demand (COD). The results also indicated that leachate recirculation could
maximize the efficiency and waste volume reduction rate of landfill sites. Leachate recirculation
gives an aqueous environment that assists the supply of nutrients and biomass within the landfill
that stimulates the degradation of municipal solid waste (El-Fadel, 1999). Mobilizing nutrients and
microorganisms in aqueous wastes improves mass transfer to prevent the development of inactive
zones in landfill zones (Chugh et al., 1998). Leachate thus provides supply of COD, nutrients,
biomass and water content with dissolved oxygen which stimulates methane oxidation. 

Maurice et al. (1999) showed that larger trees arise on plots irrigated with leachate, presumably
due to the positive effect of water and nutrient supply. Methane oxidation levels between 50 and
950 mol mG2 year were observed. The positive relationship between soil methane oxidation capacity
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and tree existence is important for reduction of methane emission by landfill vegetation type.
Optimizing methane oxidation using vegetation on topsoil could reduce the amount of methane
released to the atmosphere (Maurice et al., 1999). Leachate provides the soils with higher content
of water, nutrient and organic matter, it also provides metals. Heavy metals affect the growth,
morphology and metabolism of microorganisms of soils through functional disturbance, protein
denaturation, or the destruction of the integrity of the cell membrane (Baath, 1989; Babich et al.,
1980; Leita et al., 1995). In a laboratory incubation study, Mishra et al. (1999) showed that selected
heavy  metals  in  three  rice  soils  were  different  in  their  effect  on  methanogenesis  and
methane-producing bacteria. The Cd, Cu and Pb inhibited CH4 production in all soils. The Zn
stimulated CH4 production in the alluvial soil, but inhibited it in laterite and acid sulfate soils. The
Cr effectively inhibited CH4 production in the alluvial soil, but stimulated it in laterite and acid
sulfate soils (Mishra et al., 1999).

In a laboratory study, Mohanty et al. (2000) showed that selected heavy metals differed in their
effect on CH4 oxidation in two soils for two water systems. The Cr significantly inhibited CH4

oxidation in alluvial soil at 60% moisture capacity, while Cu stimulated the process. On the other
hand, Zn inhibited CH4 oxidation in both alluvial and laterite soils under saturated conditions. 

The effect of inorganic redox substances (species of NO3G, Mn4+, Fe3+ and SO4G
2) on methane

production and oxidation in anoxic rice soil samples has vital effects. Sulfate was the most
inhibiting for methane production followed by Fe3+, NO3G and Mn4+, respectively. Laboratory studies
showed that the addition of MnO2 and K2SO4 enhanced aerobic methane oxidation in soil samples
at 60% water content. Nitrate and Fe3+ motivated methane oxidation under anaerobic conditions
and delayed it under aerobic conditions. Manganese (IV) delayed methane oxidation under
anaerobic conditions, but enhanced it under aerobic conditions. On the other hand, SO4G

2

stimulated methane oxidation in soil equivalent medium under both aerobic and anaerobic
conditions (Kumaraswamy et al., 2001).

There is substantial interest in methane monooxygenase (MMOs) of methanotrophic bacteria
in soils, because these enzymes in methanotrophs oxidize methane to a potential fuel source,
methanol, detoxifies trichloroethylene and uses a greenhouse gas as a reactant. It is well known
that sMMO expression in methanotrophs is repressed by copper ions sMMO is expressed for
concentrations lower than 0.86 mmol gG1 dry cell weight (Barta and Hanson, 1993) or, generally,
when the copper concentration is lower than 1 mM (Burrows et al., 1984). Above this concentration,
the  particulate  (membrane-bound)  form  of methane monooxygenase (pMMO) is produced
(Nguyen et al., 1994). To overcome this natural regulation, a M. trichosporium OB3b mutant has
been obtained that expresses sMMO in the presence of copper probably because of a deficiency in
copper transport (Phelps et al., 1992). Transcription of soluble methane monooxygenase (sMMO)
of methanotrophs is tightly regulated by low concentrations of copper ions [Cu2+ e.g., transcription
is  completely  repressed  at copper concentrations higher than 0.86 μmol gG1 dry cell weight]
(Green et al., 1985). In a research study, Jahng and Wood (1996) showed sMMO inhibition by metal
ions and different medium ingredients was investigated for the first time using sMMO purified
from the type II methanotroph Methylosinus trichosporium OB3b. Cu(I) and Cu(II) decreased
sMMO activity of Methylosinus trichosporium OB3b by inhibiting not only the reductase but the
hydroxylase component as well. Ni (II) also inhibited both enzyme components and Zn (II) inhibited
sMMO by lowering the activity of the hydroxylase only. The Ni (II) and Zn (II) aggregated the
reductase component of sMMO and the later precipitated the hydroxylase component. Cu (II)
caused the reductase to precipitate (Jahng and Wood, 1996).
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Uncertain environmental factors: Field studies in temperate forests have shown a chronological
illustration of CO2 and CH4 fluxes (Castro et al., 1994, 1995; Peterjohn et al., 1994) that corresponds
strongly with seasonal changes in soil moisture and temperature. Temperature is considered the
primary predictor of CO2 fluxes, not surprisingly; moisture also influences soil respiration rates
(Groffman et al., 1992). Moisture usually exerts strong control over CH4 uptake rates, although
inclusion  of  both  moisture  and  temperature  in  models  can  increase  predictive  capabilities.
Lessard et al. (1994) suggested that the strong relationship between moisture and CH4 uptake may
mask relationships between temperature and uptake, thus it has been difficult to determine the
relative importance of these factors. Steinkamp et al. (2001) showed significant seasonal differences
in the magnitude of CH4 oxidation rates at experimental sites with high rates during summer,
relative low rates during winter and intermediate rates during spring and autumn. Hellebrand and
Scholz (2000) showed results that the temperature was the main reason for the seasonal change
of the methane uptake. Whereas the uptake dropped near to zero during the winter period, the
uptake rates reached values up to 0.6 mg CH4 mG2 dayG1 (25 μg CH4 mG2 hG1) in the summer.
Lessard et al. (1994) used field studies to determine the relative importance of moisture and
temperature in controlling flux rates is difficult because soil temperature and moisture usually vary
seasonally in temperate ecosystems. Soil temperatures are usually highest by late summer, but
strong evapotranspiration potentials usually reduce soil water even if precipitation stays relatively
constant. Thus, it is not a straightforward exercise to determine if maximum rates of soil
respiration or CH4 uptake in late summer, for example, are due to high temperatures, lower soil
moisture, or an interaction of both factors. 

BIOLOGICAL PLANT UPTAKE OF CARBON DIOXIDE
Measurements of CO2 in the atmosphere, which began in Maunaloa (Hawaii) in 1958, indicated

clearly that the concentration of CO2 in the atmosphere is increasing rapidly (Keeling et al., 1982).
The  ice  core  studies  showed  that  the  CO2  concentration  was  about  205  μmol  molG1  some
20,000 years ago. Pre-industrial value was 280 mmol molG1 during the past 10,000 years. Whereas,
before 1900, the CO2 concentration in the atmosphere was 290 mmol molG1. Maunaloa studies also
observed  that  from  1958-1982  there  was  an  increase  of  1.0  mmol  molG1  CO2  per  year.  The
1958 value of atmospheric CO2 was 316 mmol molG1 and the present concentration were recorded
as high as 370 mmol molG1 (Kimball, 1997). Thus the concentration of CO2 in the atmosphere is
likely to be doubled (600 mmol molG1) by the middle of 21st century (Houghton et al., 1990). Recent
studies suggest that boreal forests may play major role in regulating the climate of the northern
hemisphere and in global carbon cycling (Bonan et al., 1992). In North America, the Boreal
ecosystem atmosphere study program has investigated carbon and energy exchange in two regions
of Canada (Sellers et al., 1995).

Short rotation woody crops fix carbon dioxide from the atmosphere and store carbon both above
and belowground as biomass. Moreover, the harvested portions of the trees displace other products
that are made from non-renewable fossil fuels (Tuskan and Walsh, 2001). One of the way to
decrease greenhouse emissions in the future is to plant fast growing woody crops on unproductive
land thereby sequestering carbon and displacing  fossil  fuels  by  harvesting  woody  biomass  for
bio-energy, or by storing carbon in long-lived woody products (Tuskan and Walsh, 2001). Short
rotation poplar and willow crops deployed as phytoremediation buffer systems would qualify for
carbon uptake and if planted at large scales would contribute greatly to atmospheric carbon dioxide
gas reduction (Isebrands and Karnosky, 2001). 
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Examples of CO2 plant uptake: Plants in their juvenile phase can benefit more than mature ones
of optimal growing conditions. Transplant production in greenhouses offers the opportunity to
optimize  growing  factors  in  order  to  reduce  production  time  and  improve  transplant  quality.
Carbon dioxide and light are the two driving forces of photosynthesis. Carbon dioxide concentration
can be enriched in the greenhouse atmosphere, leading to heavier transplants with thicker leaves
and reduced transpiration rates (Tremblay and Gosselin, 1998).  The almost entirely juvenile
tissues of seedlings are all expanding and could be utilizing and diluting the enhanced
photosynthate production in an enriched CO2 atmosphere (Lindhout and Pet, 1990). Hence, the
greatest advantage of CO2 enrichment would be realized in the vegetative growth of young plants
(Kimball, 1983). As leaf tissues formed early in seedling culture begin to mature, starch
accumulation begins to slow photosynthetic rates and relative growth rate (Thomas et al., 1975).

The potential benefit from CO2 augmentation of the greenhouse atmosphere has been known
for a long time (Hand, 1984; Enoch,  1990)  and  they  are  particularly  important  for  roses
(Urban, 1994; Baille et al., 1996). The response of “Parfum de Rose” to CO2 augmentation is rapid:
it takes only 2 months to observe a sharp yield increase.

The net primary production of maturing loblolly pine (Pinus taeda), on a site of moderate soil
fertility, increased by 25% in the two years following the onset of a 200 ppm CO2 enrichment in a
‘Free Air CO2 Enrichment’ FACE experiment (DeLucia et al., 1999). A parallel longer-term study
produced a larger stimulation of tree growth of up to 34% over the first three years of enrichment
(Oren et al., 2001). It is particularly interesting; therefore, that carbon allocation to reproduction
is strongly stimulated in loblolly pine after three years of CO2 enrichment (LaDeau and Clark,
2001). After this period, trees growing in the enriched CO2 were twice as likely to be reproductively
mature and produced three times as many cones and seeds, than control trees. In contrast,
flowering and seed set in grasslands, where species may have deterministic life cycles, were
stimulated (Smith et al., 2000).

C4 and C3 species increased total biomass significantly in elevated CO2 by 33 and 44%,
respectively and higher carbon assimilation rates were found in both C3 and C4 grass 33 and 25%,
respectively (Wand et al., 1999). Carbon dioxide enrichment increased transplant leaf area, shoot
and root dry weight and decreased the leaf area ratio of celery (Apium graveolens L.) transplants
(Tremblay et al., 1987). Study on the characterization of CO2 responsiveness in Brassica oxycamp
hybrid and its parents B. oxyrrhina and B. campestris showed that the response of B. oxycamp
hybrid to elevated CO2 was significantly positive in respect to photosynthesis and growth, similar
to that of its parent B. campestris. Hybrid B. oxycamp and B. campestris with greater sink potential
responded significantly, whereas, B. oxyrrhina with poor sink size did not respond to CO2

enrichment (Uprety et al., 1998).
Woodrow et al. (1987) demonstrated that CO2 affects both source metabolism and partitioning

to sinks (stems, roots and leaf carbohydrate) in tomato plantlets. They found that CO2 enrichment
produced heavier transplants desirable for successful field establishment without elongation
growth. Dry  matter  accumulation  in  shoot  and  root was increased as well as leaf dry  weight
(by 81% over control). Transpiration rates were reduced under CO2 enrichment conditions by 34%.
Increased leaf dry weight accumulation and Specific Leaf Weight (SLW) under CO2 enrichment
suggests that more carbohydrate may be available to the plant for future growth. Apparently, the
ratio of total sugars to amino acids in the leaf is shifted in favor of sugar content. In a study with
tree seedlings, Luxmoore et al. (1986) suggest that CO2 enrichment may increase sucrose
translocation in roots and facilitate the mobilization of N and C compounds to new root primordia.
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Increased net leaf photosynthesis rate and decreased transpiration rate under CO2 enrichment are
well documented (Woodrow et al., 1987). One of the most important effects of CO2 enrichment is
the increase in water efficiency (Wong, 1979), which leads to drought tolerance. Actually, rising CO2

concentration reduces the transpiration of plants by 20-40% (Mortensen, 1987). Radoglou et al.
(1992) reported an increase in water use efficiency of bean (Phaseolus vulgaris L.) leaves as a result
of increased assimilation rate and decreased stomatal conductance at higher ambient CO2

concentrations. In cotton (Gossypium arborcum L.), stomata conductance after 40 day of CO2

enrichment took 5 d to reach normal levels in non-enriched conditions. In short, CO2 enrichment
of vegetable transplants shortens the nursery period and modifies photosynthate allocation to the
diverse parts, leading to sturdier, higher quality plants. This, together with the fact that CO2

enriched plants make a more efficient use of water may impact favorably on the plant's ability to
overcome transplanting stress (Sasek et al., 1985). The relative increase in net assimilation rate
due to an increase in CO2 concentration from 200-1000 ppm was almost as great at the lower as at
the higher light level studied. The light compensation point is lowered by increased CO2

concentration (Mortensen, 1987). Fierro et al. (1994) demonstrated interactive effects of CO2 and
light enrichment on tomato and pepper transplants. If either were applied 3 weeks before
transplanting tomatoes and peppers, they increased accumulation of dry matter in shoots by 50%.
Fierro et al. (1994) results suggested that it is more important to achieve optimal light conditions
first and then make use of CO2 enrichment.

CO2 plant uptake mechanism: Plants and other photosynthetic organisms convert carbon
dioxide into energy rich organic molecules, which are the precursors of carbohydrates. These
molecules are either used by the organism directly or are passed into the food chain to be utilized
by non-photosynthetic organisms (Paradise and Cyr, 1995). The complete photosynthetic process
may be summarized by the following equation:

nCO2+nH2O÷(CH2O)n+nO2

Carbon dioxide serves as substrate to photosynthetic carbon assimilation. There is concomitant
decline in photo-respiratory activity and alteration in stomatal aperture. It was reported that C3

plants (wheat, rice, oilseeds, pulses, etc.) respond to elevated CO2 since elevated CO2 reduces
oxygenase activity of RuBP carboxylase oxygenase enzyme in plants. The C4 plants (sorghum,
maize, sugarcane, etc.) show little or no photosynthetic response to elevated CO2 because C4

pathway is not competitively inhibited by O2 and is completely CO2 saturated. However, there is
no consensus on the quantitative effects of increased CO2 in plant processes and growth due to
differences in response at different stages of growth, species of crops and because of growth limiting
environmental factors (Uprety et al., 2000a). 

The key enzyme for CO2 fixation is rubisco. Its activity depends on the ratio of the O2 and CO2

concentration in the atmosphere. The major effect of CO2 enrichment is the shift in balance
between the carboxylation and oxygenation activity of rubisco, this effect is important at low and
high light levels. Kimball (1983) stated that, on average, yields of crops should increase by 33%
with a doubling of CO2 concentration in the earth's atmosphere. Although these estimates have
been developed for plants over their complete life cycles, enhanced growth and dry matter
accumulation are correlated with higher net photosynthetic rates in young vegetative tissues under
CO2 enrichment as well.
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Studies on the response of rice cultivars Basmati-1 and Pusa-677 to the elevated CO2 showed
increase in growth, photosynthesis and seed yield (Uprety et al., 2000b). The increased
photosynthesis and greater accumulation of sugar contributed significantly to the accelerated
development of leaves and tillers in both cultivars. The response of rice cultivars to the elevated
CO2 with reference to their stomatal characters showed a marked increase in the stomatal
resistance, stomatal index, size of guard cells, stroma and epidermal cells (Uprety et al., 2002).

Parameters affecting CO2 plant uptake: Ecosystem responses to CO2 enrichment and climate
change are expressed at different levels: biochemical and stomatal processes at the leaf level,
growth processes at the plant level and water budget and carbon-nitrogen cycling at the ecosystem
level. Predicted responses of net primary production and N mineralization to CO2 enrichment and
climate change are, therefore, complex. Responses to individual climate factors were often modified
by responses to other factors, through interaction among processes at the same and different levels
of organization (Coughenour and Chen, 1997). The final outcome of ecosystem responses to CO2

enrichment and climate change is dependent on the relative importance of these different
processes. The relative enhancement of net primary production by CO2 enrichment was greater at
high temperature in the C3 grass species and greater under ambient temperature conditions in the
C4 grass. Most previous studies revealed that a CO2-doubling generally caused greater increases
in growth at higher temperatures (Cure, 1985). Although, Sionit et al. (1981) reported that the CO2

response of okra had stimulatory effects on growth at lower temperature and Coleman and Bazzaz
(1992) reported that the effects of CO2 enrichment on final biomass of a C4 annual forb was positive
at low temperature and negative at high temperature. Chen et al. (1994) found that the relative
enhancement of CO2 enrichment on an aquatic plant was strongly temperature dependent and that
the maximum relative effects of CO2 were reached at a low temperature. These different responses
suggest that the effects of elevated CO2 and temperature may interact in a seasonal environment
and that this interaction is species specific (Hunt et al., 1991).

The responses of N mineralization to elevated CO2 were negative or near neutral except for the
C3 grass species system at high precipitation. Reduced N mineralization under elevated CO2 may
be ascribed to reduced litter quality (Strain and Bazzaz, 1983). However, N mineralization in the
P. smithii system was increased by doubling CO2 under wet conditions. Increased N mineralization
under  elevated  CO2  was  also  observed  in  an open top hamper study of Populus granditenta
(Zak et al., 1993). They found up to five-fold increases in N mineralization. They suggested that
elevated CO2 would increase below ground carbon inputs, which would increase microbial biomass
and their activity and thus decomposition and mineralization rate. Decomposition and
mineralization could be greater under elevated CO2 in spite of decreased residue quality, because
decomposition and mineralization, being donor-controlled processes, tend to increase with net
primary production (Hunt et al., 1991; Coughenour and Chen, 1997). Interactions among
biochemical, ecophysiological and ecosystem processes appear to be significant. To reasonably
estimate ecological effects of CO2 enrichment and climate change, a model must couple biochemical,
ecophysiological and ecosystem processes. Ecosystem models that ignore physiological and
ecophysiological responses are incapable of predicting responses to elevated CO2 and climate
change (Coughenour and Chen, 1997). On the other hand, ecophysiological models that do not
couple soil water and nitrogen cycling would be not able to represent the feedbacks of
biogeochemical processes such as N mineralization. In natural ecosystems, many plant species
coexist competitively. There are hundreds of plant species representing C3, C4 and CAM
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photosynthetic pathways in Colorado shortgrass steppe. The CO2 enrichment and climate change
differently affect many plant and ecosystem processes. It has been hypothesized that different
responses of C3 and C4 species to CO2 enrichment and climate change could change the competitive
balance between these species in a future CO2 enriched atmosphere (Arp et al., 1993).

Trees treated with both nitrogen fertilizer and elevated CO2 showed a three-fold increase in
growth over controls. The photosynthetic rates of plant species within a grassland community also
showed little positive response to CO2 enrichment (Lee et al., 2001) observed after at least three
years of fumigation (Oren et al., 2001). The stimulation of carbon sequestration in the vegetation
and litter of forest trees was paralleled in grassland where CO2 was enriched by 240 ppm over a
six-year period (Niklaus et al., 2001). The elevated CO2 increased the rate of photosynthesis,
promoted greater foliage, more number of siliqua and increased root growth. The carbon need to
satisfy the demand for these newly generated sinks was met from new photosynthates produced
during the high CO2 exposure. Plants accumulated increased metabolic reserves in terms of sugars
and starch to significantly enhance metabolic flexibility to respond to adverse moisture stress
(Uprety et al., 1995). The main constraint to growth occurs when the plant is unable to
photosynthesize at the potential rate, governed by the amount of incoming solar radiation. This will
normally occur when one of the substrates for photosynthesis (carbon, water, nitrogen) is limiting
(Agren, 1985). 

Plant uptake of CO2 in landfill: The landfill industry makes use of a potentially valuable,
environmentally beneficial and sustainable utilization of restored landfill sites. The biomass
produced at restored landfill sites from Short Rotation Coppice (SRC) trees, such as willow and
poplar, may have a number of uses: as a fuel for electricity generation plants; for the production
of charcoal; as a soil amendment for clay caps; or simply as a carbon sink for atmospheric CO2

(Cannell et al., 1987).
Present municipal solid waste landfills generate biogas that is flared on site to destroy noxious

contaminants and water is extracted from leachate to be drained away. However, biogas could
alternatively be a cheap fuel for winter heating and could provide horticultural greenhouses with
abundant carbon dioxide to boost plant growth all year long (Jaffrin et al., 2003). 

In the research of Chan et al. (1997), two landfill sites in Hong Kong (Shuen Wan and Junk Bay
StageI) were chosen as the field sites and three sites (Yuen Chau Kok, Tai Po and Lok Wo Sha)
were chosen as reference sites. The vegetation survey classified the plants under woody plants,
herbs and grasses groups. Seventeen species of vascular plants were found at the reference sites;
whereas 25 and 20 species, respectively, were found at the two-landfill sites. The gross average
coverage of plants at the reference sites (57.8%) was lower than that  at  the  two-landfill  sites
(70.3, 61.4%). Tree cover on the landfill sites was dominated by two species: Acacia confusa and
Leucaena leucocephala, which seemed suited for growth and were abundant on landfill sites.
Therefore, completed landfill sites can be good habitats, which support a variety of plants and
animals, provided that the plants can phytoremediate landfill gas and leachate contamination
(Chan et al., 1997).

PHYSICAL BIOGAS EXTRACTION
Biogas collection systems: In landfills, gas is collected using network of collection pipes and
wells. The gas collection efficiency in landfills is between 40-90% (Augenstein and Pacey, 1991).
Biogas is collected by means of some vertical and horizontal  drain  pipes  and  is  then  burned  in

11



J. Environ. Sci. Technol., 9 (1): 1-25, 2016

Ground
surface

Perforated or
slotted plastic

Collection well

Landfill
liners

Landfill waste

Sampling port

Gas extraction well

Gas
collection

pipe

Landfill
waste

Landfill
waste

Perforated
or slotted

plastic

Ground surface Vacuum

Gas
collection

pipe

Gas
extraction

well

flares or employed to produce heat and energy (EMCON Associates, 1980). The designs for gas
abstraction systems include different types of well configurations such as vertical, horizontal,
hybrid, etc (Leach, 1990). The landfill gas collection system consists of vertical extraction well,
transport pipe network, blower for passive gas collection or pumping for active collection,
monitoring equipment and flare stack (Park and Shin, 2001).

Landfill gas can be collected by either a passive or an active collection system. Passive gas
collection systems (Fig. 1) use existing variations in landfill pressure and gas concentrations to vent
landfill gas into the atmosphere or a control system. The collection wells are typically constructed
of perforated or slotted plastic and are installed vertically throughout the landfill to depths ranging
from 50-90% of the waste thickness. Vertical wells are typically installed after the landfill or a
portion of a landfill, has been closed. A passive collection system may also include horizontal wells
located below the ground surface to serve as conduits for gas movement within the landfill
(ATSDR., 2001). 

Active gas collection (Fig. 2) is considered a good means of landfill gas collection (EPA., 1991).
An active collection system composed of extraction wells connected to header pipe to a pump that

Fig. 1: Passive gas collection system (ATSDR., 2001)

Fig. 2: Active gas collection system (ATSDR., 2001)
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delivers gas for energy recovery (Wheless and Wiltsee, 2001). An active system consists of
extraction well, header pipe, vacuum, condensate removal and burner (Bagchi, 1994, 2004).
However, wells in the active system should have valves to regulate gas flow and to serve as a
sampling port. Sampling allows the system operator to measure gas generation, composition and
pressure (ATSDR., 2001).

The Environmental Protection Agency (EPA), state and local regulators use assumed gas
collection efficiencies to calculate landfill emissions in regulating and setting policies for landfills.
These assumed efficiencies are usually around 75%. A thorough review of gas system operators'
experiences and of researcher's efficiency determination methods and their results is required to
better assess actual collection efficiencies. As stated by Sanitation Districts of Los Angeles County
in 2015.

Biogas control methods: There are two common methods of conducting a control to gas
migration: using very low permeability materials to resist gas flow and using highly permeable
materials to allow the gas to vent to the surface. Among combination of those methods the following
could be summarized:

C Trench filled with granular backfill acts as passive system to collect gas from boundaries
C Trench backfilled with gravel and an impermeable membrane installed along the back wall of

the trench to trap the gas to be more effective interceptor
C A gravel trench with vertical perforated pipe to collect gas within trench passive collection

system
C A gravel trench with horizontal and vertical perforated pipes to collect gas within the trench

(McBean et al., 1995)

Current methods of forming a gas resistant barrier usually involve the excavation of a trench
and backfilling with either a low permeable material such as bentonite or the inclusion of a gas
resistant membrane. Vent trenches are normally constructed using trenches backfilled with either
gravel or geocomposite venting media to promote gas flow to the surface. An alternative method
is to provide a series of discrete vent wells at regular spacing or using vertical permeable curtain.
These methods allow the gas to exhaust directly to atmosphere without any dilution in the system
(Wilson and Shuttleworth, 2002). The Vent System provide preferential pathway (route of least
resistance) to atmosphere as shown in Fig. 3 (Permavoid Ltd., 2015).

Biogas collection layers: There are other processes of gas collection such as collection layers. Tire
shreds have been used as landfill gas collection material at municipal solid waste landfills
(Augustein et al., 1997). GeoSyntec Consultants (1998a) for the California Integrated Waste
Management Board provided a summary of recommended procedures for use of tire shreds as
landfill gas collection material at municipal solid waste landfills, including horizontal landfill gas
collection layers, horizontal trenches and vertical boreholes. Tire shreds have a compressibility that
is several orders of magnitude greater than materials typically used for landfill gas collection such
as gravel, sand, or crushed rock (GeoSyntec Consultants, 1998b). Consideration should be given
to using a properly selected geotextile as a separation between the tire shreds and soil materials.
The geotextile would prevent soil from migrating into the  relatively  large  voids  between  the  tire

13



J. Environ. Sci. Technol., 9 (1): 1-25, 2016

Fig. 3: Vertical permeable venting curtain for gas control

shreds (GeoSyntec Consultants, 1998a). According to intrinsic permeability values, it is found that
grain size fractions of 0.1-2, 0.6-1.2 (sand) and 0.1-56 mm (natural soil), are inappropriate for the
application as gas collection layer materials, as they demonstrated lower values than a sample of
solid waste (Huber and Wohnlich, 1999). As the mentioned grain size fractions of sand and natural
soil belong to materials, which are commonly used for constructing the foundation layer of landfill
cover systems (Fox, 1996), these layers cannot serve at the same time as gas collection layers. The
coarse materials (grain size fraction of 16-32 mm of gravel, crushed lime stone, crushed granite and
crushed basalt) were proved to be the most suitable for constructing gas collection layers, since it
indicates high intrinsic permeability (Huber and Wohnlich, 1999). 

Biogas collection covers: There are other methods of gas collection such as collection covers,
which are used other than application in landfill, but could give good analogy of incorporated
processes and/or materials to apply in landfill.

McGrath and Mason (2004) in their application to assess biogas production from anaerobic
waste stabilization pond treating farm dairy wastewater, they used floating gas collection cover was
constructed of fiber-reinforced polypropylene geomembrane fabric (J.P.S. Elastomerics, Westfield,
NC, USA), supported on a 2 m by 2 m framework fabricated from 25 mm diameter and foam filled
110 mm diameter polyvinylchloride pipe and fittings.

Manure lagoons can be covered by floating polyethylene liners on the liquid surface allowing
for the cost-effective construction of anaerobic digesters which use microorganisms to ferment and
process waste producing methane gas. The polyethylene cover prevents vector migration out of the
lagoon preventing odors, vapors and gasses from entering the atmosphere. They also prevent
rainwater dilution. The most desirable effect of the polyethylene cover is to create an inflatable
methane gas reservoir (Kriofske, 1998).

The XR-5 cover by ETP Inc, AL USA, is a proven material for biogas collection. It is strong,
tough and it is highly resistant to biogas. Its low gas permeability makes it ideal for the collection
of  biogas and for use as a floating cover material. Poly-log-floats are used to buoy the cover and to
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form pass-ways for the collection of the biogas. Rainwater drainage is provided by the use of thru-
cover drains. The cover's unique design allows it to act as a gas storage container at times of peak
production (ETP Inc., 2015). 

A large employer in upper State Maine, USA, expanded their food processing capability. As part
of that expansion, they needed to build an anaerobic digester that would retain heat in the cold
climate of Maine and be able to collect the biogas produced. Lemna, MN, USA used LemTec™
Modular Insulated Cover System a turnkey to biogas design (Lemna Technologies Inc., 2015).

Geomembrane Technologies Inc. GTI, NB, Canada produces gas collection covers that are
floating cover systems used to collect gases from wastewater treatment lagoons, sludge ponds,
aeration systems, flow equalization tanks and pretreatment tanks. In the case of anaerobic
digestors, GTI cover systems are used to capture biogas. The GTI cover system includes reduction
of process heat loss/gain, elimination of water evaporation and prevention of sunlight penetration.
Features can include insulation, automatic rainwater removal, baffles, sample ports and hatches.
These durable, UV protected covers are strong enough to safely support foot traffic, light vehicles
and snow loads (GTI., 2015).

The Canadian french-fry manufacturer, needed to replace an old (competitor’s) insulated gas
collection cover that was prone to failure due to migrating solids (grease bergs) that ripped the gas
collection membrane. The design of the old cover made it next to impossible to remove the grease
bergs and to repair the damaged cover. The insulated gas collection cover by Lemna replaced the
old one. The new gas collection cover has the ability to remove sections of the cover to dispel solids
when required (Lemna Technologies Inc., 2015).

A dairy in Pennsylvania had a wastewater tank that was generating odors. Lemna Technologies
proposed the installation of LemTec™ Gas Collection Cover System. This system provides effective
odor control by completely covering the water surface with a single layer membrane. Channels are
created beneath the cover for gas to flow for collection. Channels above the cover provide for
rainwater removal (Lemna Technologies Inc., 2015).

Scotford and Williams (2001) investigated the effectiveness of a floating plastic cover to reduce
ammonia emissions from slurry lagoon. They measured ammonia emissions from both an
uncovered lagoon and covered lagoon. The ammonia emissions were measured using hoods. Each
hood was fitted with an inlet pipe and outlet pipe. Air was forced into the hood using a fan that
gave a superficial air velocity across the measured surface. The ammonia flux was measured into
and out of the hoods. The floating plastic cover prevented nearly 100% of these emissions.

CONCLUSION
Biogas in landfill is intercepted by different means of biological and physical processes. The

biological processes are natural activities such as bacterial methane oxidation and plant uptake for
carbon dioxide at topsoil layer. Methane oxidation is affected by different environmental factors
such as: temperature, water content, nutrients, substrate and oxygen concentrations. Plant uptake
for carbon dioxide is affected by some parameters such as: CO2 concentration, nitrogen
concentration, water content and temperature. The physical engineered processes are represented
by various physical biogas extraction systems. Landfill gas can be collected by either a passive or
an active collection system. Passive gas collection systems depend on variations of gas pressures
and concentrations. An active collection system is an extraction systems depend on pumping that
delivers gas for energy use.
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