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Abstract

:

This study assesses the biomethane (CH4) generation and greenhouse gas (GHG) emissions resulting from municipal solid waste landfilling in Phnom Penh, Cambodia, with a focus on the impact of fugitive CH4 emissions and operation processes in four landfilling scenarios: simple dumping (S1), improved management with leachate treatment (S2), engineered landfill with flaring (S3), and engineered landfill with energy recovery (S4). The study also considered the environmental benefits of carbon sequestration and landfill gas utilization. The LandGEM and IPCC FOD models were used to calculate CH4 generation over the period of 2009–2022, and it was found that approximately 18 and 21 M kg/year of CH4 were released, respectively. The energy potential from CH4 recovery was 51–61 GWh/year. Overall, GHG emissions in S2 were the highest, amounting to 409–509 M kg CO2-eq/year, while S1 had lower emissions at 397–496 M kg CO2-eq/year. Flaring-captured CH4 in S3 could reduce GHG emissions by at least 55%, and using captured CH4 for electricity production in S4 could mitigate at least 83% of GHG emissions. Electricity recovery (S4) could avoid significant amounts of GHG emissions (−52 to −63 kg CO2-eq/tMSW). The study suggests that landfill gas-to-energy could significantly reduce GHG emissions.
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1. Introduction


Landfilling remains a widely used method for disposing of municipal solid waste (MSW). Under anaerobic conditions, biodegradable wastes in the landfill site decompose over time, generating landfill biogas (LFG) which is primarily composed of methane (CH4) and carbon dioxide (CO2), as well as a small proportion of non-methane organic compounds (NMOCs) [1,2]. Fugitive CH4 emissions from disposal sites have a high global warming potential (GWP), accounting for approximately 5% of the world’s anthropogenic greenhouse gases (GHGs) [3]. CO2 emitted from landfills originates from biogenic sources and is not considered a GHG [4]. LFG generation varies depending on factors such as the physical composition, permeability, moisture, temperatures, and landfill management practices [5,6]. Some countries have implemented regulations on landfill management to mitigate the negative impacts on the environment, including the installation of LFG collection systems, separation of organic waste, and the application of soil covers to enhance bio-oxidation of CH4 [7]. Denmark, for example, has implemented various methods for LFG management, such as using CH4 for electric energy and heat, flaring, microbial oxidation of CH4, and the construction of biofilters, as regulated by their government [8]. In the USA, the Clean Air Act requires certain landfills to install and operate a gas collection and control system. As a result, many landfill owners voluntarily collect LFG for flaring for use as a renewable energy resource. In 2021, there were 550 LFG-to-energy projects operating in the USA for producing electricity (70%), direct use (17%), and use as renewable natural gas (RNG) (13%) [9]. In the United Kingdom (UK), the emission of LFG accounts for approximately 20% of the country’s total CH4 emissions, and the UK government has a regulated GHG emissions policy (WMP 27) which includes measures such as increasing the use of enclosed flares, improving LFG collection efficiency, and increasing the number of LFG utilization projects [10]. However, even with a highly effective LFG collection system in place, some amount of LFG is still released [11] through processes such as the bio-oxidation of CH4 when the landfill surface is covered by soil, leakage of the LFG collection system, and the leachate collection system [1]. Collecting the LFG generated from landfill sites for flaring or energy purposes can help reduce fugitive CH4 emissions, thereby reducing direct GHG emissions associated with landfill management. Moreover, energy recovery from LFG can replace electricity generated from highly polluting energy sources such as coal and fossil fuels. It is worth noting that not all carbon-containing materials in landfills undergo degradation. Certain waste types, such as paper, cardboard, wood, and garden waste, decompose slowly. As a result, the carbon content in these materials can be stored in landfills for an extended period rather than being emitted into the atmosphere [12,13]. This long-term carbon storage in landfills can be considered as having been sequestrated, resulting in negative emissions. Therefore, they should be included in GHG emissions assessments [14]. These avoided emissions can offset the indirect GHG emissions resulting from landfill operation (e.g., compaction, excavation, and soil cover, which consume diesel), leachate treatment (e.g., water, chemicals, and electricity), and construction (e.g., gravel and synthetic liner) [14]. Studies in European countries have demonstrated that when including GHG emissions savings from LFG recovery and carbon sequestration in quantification models, the net GHG emissions reduced to zero or even negative values in conventional landfills [15].



In Cambodia, rapid urbanization, coupled with socio-economic development and population growth, has led to a significant increase in MSW generation. The lack of treatment infrastructure, technology, and management has exacerbated the environmental burden of MSW, particularly in major cities such as Phnom Penh. Numerous landfills have been created to accommodate the excessive increase in MSW volumes. Phnom Penh is facing a rapid increase in waste disposal due to its status as the most developed city in Cambodia, which poses significant challenges. MSW generation in the Phnom Penh municipality accounts for approximately one quarter of the total generation nationwide [16]. In 2022, an average of 3538 tMSW was collected daily and sent to a landfill without intermediate treatment. The waste fraction consisting of organic matter with high moisture content was the most predominant component disposed of at the landfill, accounting for approximately 56% of the total waste [17]. The degradation of carbon content in degradable wastes poses a high potential risk, including increased global warming through GHG emissions, soil contamination, surface water and groundwater pollution, human health risks through disease spreading, and fire and explosion hazards by LFG [12,18]. It is important to note that the current landfill is operating without leachate treatment and LFG capture systems, which are found in most cities in Cambodia.



MSW landfills in Cambodia are currently undergoing improvement as a result of economic growth and increased environmental awareness among the population. The extraction and treatment of LFG are becoming increasingly important in landfill management in the country. Therefore, data on LFG emissions are essential for developing policies to mitigate the environmental impacts of landfills and designing LFG-to-electricity projects. This study aimed to quantify GHG emissions resulting from MSW landfilling in the Phnom Penh municipality over a 14-year period (2009–2022), taking into account four different landfill management options.




2. Landfill Gas Generation Investigation Approaches


Several methods have been developed to evaluate LFG generation from disposal sites, including field measurement methods and mathematical models. Field measurement methods, such as flux chambers, tracer gases technique, horizontal radial plume mapping optical remote sensing (HRPM ORS), the inverse modeling technique, differential absorption light detection and ranging (LiDAR), micrometeorological eddy covariance (EC), and helicopter-borne spectroscopy, have been used to investigate CH4 collection and fugitive CH4 emissions from landfills [19]. However, these methods are time-consuming and costly and have some uncertainties when used to measure large-scale landfills due to the spatial and temporal fluctuations in methane flow balance components [1]. Sample site selection and uncontrolled leakage may also lead to uncertainty in on-site measurements [20].



Mathematical models have been developed to estimate LFG emissions based on waste disposal data, waste composition, moisture content, landfill cover material, and LFG collection [21]. A significant number of models have been developed which have drawn the attention of many researchers in the industry, including but not limited to the IPCC default model, Modified Triangular method (MTM), Dutch Multiphase first-order model, AMPM, GASSFILL, Scholl Canyon first-order model, Rettenberger first-order model, E-PLUS model, Zero-order German EPER model, IPCC first-order model, US EPA Landfill Gas Emissions Model (LandGEM), Afvalzorg model, and Gassim [22]. Among those, LandGEM is widely used for assessing the LFG and other air pollutants from the decomposition of landfilled waste. The model was first developed in 2005 by the US EPA based on a first-order decay (FOD) rate [23]. Users can either input the site-specific data or use the default value if the site-specific data are not available. The default data are based on the empirical data of various landfills in the USA. Another model commonly used by many research scholars is the IPCC model, which consists of two methods for quantifying GHG emissions from solid waste disposal sites [4]. The Tier 1 method of the IPCC model estimates the CH4 emissions from the mass balance of waste. Tier 2 utilizes the FOD method, which produces a high accuracy of the estimated results. Hence, the FOD model is recommended to estimate CH4 emissions. The model estimates CH4 emissions based on waste compositions and assumes a slow degradation of organic matter over time. Challenges regarding the accuracy of the models have been raised in relation to the input parameters, which include the amount of waste, the physical composition of landfilled waste, moisture content, temperature, and lag time in gas generation [1]. However, the models have more advantages compared to field measurement methods when investigating CH4 emissions in large-scale landfills [1].




3. Materials and Methods


3.1. Study Area


In 2019, the population of Phnom Penh municipality was 2,281,951 [24]. The Dangkao landfill is currently the only active MSW landfill in the city, operating since July 2009. The landfill is located approximately 18 km south of Phnom Penh (11°28′29″ N and 104°53′11″ E), covering an area of 31.4 ha which is divided into two zones: Zone 1 (consisting of blocks A and B) with a pit depth of 10 m, and Zone 2 (including blocks C and D) with the deepest pit depth of 30 m below the ground surface [25] (Figure 1). Zone 1 was closed and covered with soil in February 2016, while Zone 2 is in operation and partially covered with soil.




3.2. Data Collection


The data on landfilled waste were obtained from the Dangkao landfill office for a period of 14 years, from 2009 to 2022. The historical waste disposal data were used to calculate the landfill gas emissions in the estimation models, namely the LandGEM and IPCC FOD models. Daily records of MSW disposal data were available, which showed a dramatic increase from 177,224 t/year in 2009 to 1,288,223 t/year in 2022, as shown in Table 1. In 2022, the MSW collection rate was estimated at 1.34 kg/capita/day, which increased from 0.70 kg/capita/day in 2009. It is important to note that a significant increase in the amount of waste collected and sent to the landfill occurred until 2020, before declining in 2021 due to a COVID-19 outbreak in the city. However, despite the increase in waste collection in 2020, the per capita collection rate was lower compared to that of 2019. This can be attributed to the high population growth in Phnom Penh, while the progress in waste collection efficiency has been slow.



The physical characteristics of the landfilled waste were taken from [17]. As shown in Figure 2, the organic fraction accounted for the highest proportion of disposed waste, at 55.87%. The second-highest component was recyclables, including plastics (21.13%), mixed paper (6.54%), glass (1.42%), and metals (1.05%).




3.3. Landfill Management Scenarios


The management of the Dangkao landfill currently involves a simple dumping method without leachate treatment or LFG collection. This approach may have adverse effects on the environment, including the emission of LFG and the potential contamination of soil, surface water, and groundwater resources through leachate infiltration. Four scenarios were developed to explore different landfill management options (see Figure 3). In scenario 1 (S1), the landfill operates without LFG extraction and leachate treatment. This scenario includes direct fugitive CH4 emissions that are not captured as well as emissions from the fuel used in heavy-duty equipment, such as excavation and compaction. Additionally, the potential carbon sequestration was considered as a means of offsetting GHGs. In scenario 2 (S2), the landfill management remains the same as in S1, but the leachate is collected and treated. This scenario also includes indirect GHG emissions resulting from electricity consumption and chemicals used in the leachate treatment. Scenario 3 (S3) represents an engineered landfill that is more advanced than S2, incorporating flaring, compaction, and frequent soil cover. Hence, GHG emissions under S3 are expected to further reduce by capturing 50% of CH4 for flaring. The optimal scenario is presented in scenario 4 (S4), where LFG is captured and utilized for energy production. The GHG emission quantification under S4 is similar to that in the first three scenarios. However, due to the application of LFG-to-energy technology, the electricity generation can offset the electricity generation from conventional energy sources. Therefore, the reduction in GHG emissions resulting from electricity substitution is accounted for in S4. In the scenario comparison, the study considered the three main GHGs:, non-biogenic CO2, CH4, and N2O, using 100-year GWPs of 1, 25, and 298, respectively [4].




3.4. Calculation of LFG Generation


The landfill CH4 generation was calculated using the LandGEM and IPCC FOD models from 2009 to 2022. Different compositions of landfilled waste can result in varying amounts of CH4 generation due to their carbon content. For example, waste containing cellulose degrades quickly under landfill conditions, while waste containing lignin decomposes slowly or not at all [14]. In this study, only wastes that undergo degradation, such as food waste, wood and leaves, paper, textiles, and nappies, were considered for the model calculation.



3.4.1. LandGEM Model


The landfill CH4 generation was calculated using the US EPA LandGEM 3.03 model. The model estimates CH4 gas based on the FOD approach, as given in Equation (1). The model relies on two key parameters: the CH4 generation rate per year, k, and the CH4 generation potential, L0 (m3/Mg):


   Q    C H  4    =   ∑   i = 1  n    ∑   j = 0.1  1  k ×  L 0  ×      M i    10     ×  e  − k  t  i , j      



(1)




where, QCH4 is the annual methane generation in the year of calculation (t/year), i is the one-year time increment, j is the 0.1-year time increment, n is the duration of waste acceptance at the landfill (year), Mi is mass of waste disposed of in year i (t), and ti,j is the time in year jth section of waste Mi accepted (year).



The calculation for the CH4 generation potential (L0) is shown in Equation (2):


   L 0  = M C F × D O C × D O  C f  × F ×   16   12    



(2)




where MCF is the CH4 correction factor, taken as 0.8 for an unmanaged landfill deeper than 5 m (Table 2); DOC is the degradable organic yielded on the CH4 in landfill gas; DOCf is the fraction of degradable organic carbon which decomposes, taken as 0.77 [4]; F is the fraction of CH4 in landfill gas, taken as 0.5; and 16/12 is the conversion factor from methane to carbon.



The degradable organic carbon (DOC) was calculated using Equation (3) [26]:


  D O C =   0.4 × A   +   0.17 × B   +   0.15 × C   +   0.30 × D    



(3)




where A represents paper and textiles, B represents nappies, C represents food waste, and D represents wood and leaves. The values of these waste compositions are presented in Figure 2.



The value of the CH4 generation rate constant (k) reflects the degradation rate of the disposed waste composition. The k value in this study was derived from Equation (4):


  k =   ∑   i = 1  n     k i  ×  W i     



(4)




where ki is the degradation rate of decomposable waste composition i, and Wi is the fraction of decomposable i. This study used the default values of ki recommended in the IPCC 2006 guidelines for moist and wet tropical climate regions.




3.4.2. IPCC FOD Model


The IPCC FOD model was also employed to estimate the landfill CH4 emissions, and the result was compared with the LandGEM model. The calculation for CH4 generation using the IPCC OFD model is given as [4]:


   Q    C H  4    = D D O  C  m   d e c o m p  T    × F ×   16   12    



(5)




where DDOCm decomp(T) is the total mass of decomposable degradable organic carbon (DDOC) decomposed in landfill in year T, F is the fraction of CH4 by volume in generated landfill gas (0.0–1.0), and 16/12 is the molecular weight ratio of CH4/C.



The amount of DDOC decomposed in year T (DDOCmdecomp(T)) was calculated as:


  D D O  C  m   d e c o m p  T    = D D O  C  m a   T − 1     ×   1 −  e  − k      



(6)






  D D O  C  m a     T − 1     = D D O  C  m d   T − 1     ×   D D O  C  m a   T − 2     ×  e  − k      



(7)






  D D O  C  m d   T − 1     =  W    T − 1     × D O C × D O  C f  × M C F  



(8)




where DDOCma(T−1) is the mass of DDOC accumulated in in the landfill at the end of year T − 1 (ton C/year), k is the reaction constant (k (year−1) = ln (2)/t1/2), t1/2 is the half-life time, DDOCma(T−1) is the mass of DDOCm deposited into the landfill in year T − 1 (ton C/year), W is the mass of waste deposited (tMSW/year), and DOC is the degradable organic carbon in the year of deposited (ton C/tMSW).





3.5. Calculation of Energy Recovery Potential


LFG collection cannot achieve 100% efficiency due to leakage of the gas captured system, methane oxidation in the soil cover, or an improper cap [11]. Therefore, a 75% CH4 collection efficiency was assumed in this study [27]. The energy generation from the LFG recovery technology was calculated as follows:


  E R  P  L F G   =    Q    C H  4    /  ρ    C H  4    ×   1 − O F   × L H  V    C H  4    × η × λ × C F   / 3.6  



(9)




where ERPLFG is the energy recovery potential from LFG; ρCH4 is the density of CH4 in standard temperature (0.667 t/m3); OF is the oxidation factor of CH4, taken as 10% [4]; LHVCH4 is the low heating value of CH4, taken as 37.2 [28]; ŋ is the electricity conversion efficiency, taken as 30% [1]; λ is the CH4 collection efficiency, taken as 75% [1]; and CF is the capacity factor of an internal combustion engine, taken as 85% [29].




3.6. Calculation of Overall GHG Emissions


3.6.1. Fugitive CH4 Emissions


The landfill in Phnom Penh is currently operating without the function of a CH4 capture system, resulting in the release of generated CH4 from the landfill. However, not all the generated CH4 is released into the atmosphere, as a portion of it is oxidized in the topsoil cover. In this study, a CH4 oxidation rate of 10% was used, following the IPCC 2006 guidelines. Given that the current landfill operation is partially covered with soil, S1 and S2 assumed no CH4 oxidation. The fugitive CH4 emissions in these scenarios can be calculated by multiplying the CH4 yield obtained from the LandGEM and IPCC FOD models with the GWP for CH4, which is 25. For S3 and S4, the fugitive CH4 emissions are associated with CH4 collection efficiency, oxidation rate, and the CH4 burning efficiency, which were calculated using Equations (10) and (11):


   E  F M   =  F    C H  4    × G W  P    C H  4     



(10)






   F    C H  4    = [  Q    C H  4    ×   1 − λ   ×   1 − O X     + [  Q    C H  4    × λ ×   1 − ζ      



(11)




where EFM is the GHG emissions from the fugitive emissions; FCH4 is the amount of CH4 released from the landfill site; QCH4 is obtained from the LandGEM and IPCC models, and ζ is the burn-out rate of CH4 either by flaring and LFG to energy, taken as 91.1% [30].




3.6.2. Avoided Emissions from Carbon Sequestration


Some biodegradable waste containing biogenic carbon may not be fully degraded, even 100 years after being disposed of in a landfill. This stored biogenic carbon is considered to be sequestered within the landfill and should be counted as emission savings in the quantification process [31]. In this study, the avoided emissions from carbon sequestration, following [14,15,31], were included and calculated as follows [32]:


   E  C S   = C S F ×   44   12    



(12)






  C S F =  W   T    × D O C ×   1 − D O  C f    × M C F  



(13)




where ECS is the GHG emissions saving due to carbon being sequestered in the landfill, and CSF is the carbon sequestered factor (kg C/tMSW).




3.6.3. N2O Emissions


N2O and NMOC emitted from landfills also contribute to the GWP. However, NMOC is typically found in very low concentrations is are not considered in GHG accounting [31]. N2O emissions from landfills was unavailable in the LandGEM and IPCC waste models. However, N2O contributes significantly to GWP. Its impact is 298 times higher than CO2 [4], and its atmospheric lifetime is up to 120 years, which needs to be reduced [33]. Therefore, N2O should be considered, even though it is negligible [18]. N2O generation has been found to have a significant relationship with CH4 in the waste layer, and landfills in tropical climate zones exhibit higher N2O emissions [34]. According to Yang et al. [31], the emission factor for N2O ranges from 0.5 to 2 g/kg of CH4 emitted. In this study, an N2O generation rate of 2 g/kg of emitted CH4 was assumed due to the climatic zone, which was calculated as follows:


   E   N 2  O   =  F    C H  4    × E  F   N 2  O   × G W  P   N 2  O   × 1000  



(14)




where EN2O is the GHG emissions due to the emissions of N2O (kg CO2-eq/tMSW); EFN2O is the emission factor for N2O, taken as 2 g/kg of fugitive CH4 [31]; and GWPN2O is the global warming potential of N2O, taken as 298 [4].




3.6.4. Emissions from Landfill Operations


GHG emissions from landfill operations are generated through the consumption of electricity, diesel, and auxiliary materials such as HDPE and gravel, which are used for liner, leachate collection, and LFG capture systems. Currently, the landfill operation in Phnom Penh uses diesel fuel to power heavy-duty equipment such as excavators and bulldozers. The daily amount of diesel fuel consumed for this purpose is 1435 L, equivalent to 0.43 L/tMSW. However, additional diesel is required for daily on-site operations when upgrading the landfill with leachate treatment and LFG collection systems. Since specific data for these operations were not available, this study adopted the average values reported in study by Manfredi et al. [15], which were 2 L/tMSW of diesel used for daily operation in scenarios 2–4, and 5, 8, and 12 kWh/tMSW of electricity for scenario 2, 3, and 4, respectively. Other auxiliary materials, such as HPDE liner and gravel, were used under scenarios 2–4 and were taken as 1 and 100 kg/tMSW, respectively. To calculate the GHG emissions from landfill operations, the following equation can be used [31]:


   E  L O   =   ∑   i = 1   i = 0    A  i , L O   × E  F i   



(15)




where ELO is the emissions from the operation process of the landfill (kg CO2-eq/tMSW), Ai,LO is the amount of the ith auxiliary material or energy used during landfill operation, and EFi is the emission factors for the provision of the ith auxiliary material or energy, as presented in Table 3.




3.6.5. Emissions from Leachate Treatment


GHG emissions from leachate treatment are mainly from electricity, water, and chemical (HCl and NaOH) consumption in the leachate treatment process. The emissions from leachate treatment were calculated following [31] and given in Equation (16):


   E  L T   = L × λ ×     W × E  F w    +    C i  × E  F   C i      +   E C × E  F  g r i d        



(16)




where ELT refers to the emissions from the leachate treatment (kg CO2-eq/tMSW), and L, λ, W, Ci, and EC represent the leachate generated over 100 years of landfilling (2.2527 m3/tMSW). The leachate collection efficiency for treatment was 40%, the water used for leachate treatment was 83 L/m3 leachate, the chemicals used for leachate treatment were 3 and 5 kg/m3 leachate for HCl and NaOH, respectively, and the electricity consumption for treating leachate was 14.24 kWh/t leachate [31]. The emission factors for water (EFw), chemicals (EFci), and electricity (EFgrid) are shown in Table 3.




3.6.6. Calculation of Avoided Emissions from Electricity Substitution


The energy generated from landfill CH4 was used to replace electricity generated from conventional fuels. GHG emission savings from electricity substitution were calculated as follows:


   E  S E   = E R  P  L F G   × E  F  g r i d    



(17)








3.6.7. Calculation of Overall Emissions from Landfill Management Technologies


The overall GHG emissions from different landfill management under the four scenarios can be calculated as:


   E  G H G s   =  E  F M   +  E  L O   +  E  L T   +  E   N 2  O   −  E  S E   −  E  C S    



(18)




where EGHGs is the total GHG emissions from the landfill management process.





3.7. Determination of Uncertainty in the CH4 Emissions Estimation


According to the IPCC [4], the estimation of CH4 emissions involves inherent uncertainties arising from both activity data and parameters. In this study, the uncertainties in activity data were addressed by examining the variability of waste composition (±30%). Additionally, the uncertainties associated with MCF (±20%) and the fraction of CH4 in generation LFG (±5%) were also determined.





4. Results and Discussion


4.1. Estimation of CH4 Generation


The CH4 generation from the Dangkao landfill was estimated using the LandGEM and IPCC FOD models based on the available data regarding landfilled waste recorded at the landfill from 2009 to 2022. The advantage of using the LandGEM model is that it is capable of simulating approximately 51 gases and pollutants for up to 140 years after a landfill is opened. The LandGEM model includes CH4, CO2, and NMOC as common gases. However, since CO2 is of biogenic origins and NMOC levels are negligible (less than 0.1% compared to CH4), they were not included in the quantification of GHG emissions. Meanwhile, the IPCC FOD model potentially estimates CH4 emissions from waste composition, providing a better understanding of the degradability of the waste deposited. However, the IPCC FOD model does not account for CO2 and other gases in its estimation.



The estimation of LFG using the LandGEM model relies on two main parameters: CH4 generation constant rate (k) and CH4 generation potential (L0). The k value is influenced by several factors, including waste composition, moisture content, temperature, waste depth, density, pH, and other environmental conditions [2,36]. Different waste compositions have varying degradation rates [2]. This study estimated a k value of 0.21 per year, which falls within the range of other studies [2,37,38]. Machado et al. conducted field measurements and laboratory tests on landfilled MSW in Brazil and obtained a good agreement of their k value at 0.21 [2]. Meanwhile, Wangyao et al. [37] and Anh et al. [38] obtained relatively higher decay rates (k) from field measurements in Thailand and Vietnam at 0.33 and 0.355 per year, respectively. The LandGEM model recommends a default value of k ranging from 0.02 to 0.7 per year, while the IPCC-recommended default value for tropical areas is 0.17 per year for bulky waste [4].



The CH4 generation potential (L0) was calculated using the IPCC method, resulting in a value of 90 m3/t. This value was higher than that reported in Vietnam [38], mainly due to the higher organic fraction of MSW in Phnom Penh. However, the estimated L0 value for Phnom Penh was lower than the recommended of 96 m3/t for the inventory wet landfill in the LandGEM model. Overall, the k and L0 values obtained in this study were within the ranges reported for other landfills operating in tropical regions, as shown in Table 4.



The Dangkao landfill received 177,224 tMSW in 2009 and increased to 1,288,223 tMSW in 2022. As depicted in Figure 4a, the CH4 generation rapidly increased in the early stage over time as MSW accumulated in the landfill. The potential landfill CH4 generation, as calculated by the LandGEM and IPCC FOD models, increased from 1.54 and 2.17 M kg in 2010 to 36.50 and 42.83 M kg in 2022, respectively. Assuming landfill closure in 2022, both models indicated a similar trend in CH4 generation, although the IPCC FOD model produced relatively higher results. The CH4 emissions are expected to peak in 2023 and then rapidly decline thereafter. The results from both models indicated the rapid degradation of degradable matter due to the high moisture content of waste, leading to the production of more LFG within a short period, as typically observed in tropical regions [2,37,38]. Many Asian countries are known to produce high levels of LFG emissions, mainly due to the large amounts of food waste in waste streams, the moist tropical climate, and the high precipitation in these regions [42]. In contrast, European countries typically exhibit lower LFG generation rates due to the higher proportion of slowly degradable fractions such as paper, wood, and yard waste, which take longer to decompose [43]. In addition, the temperate climates and lower precipitation levels in Europe significantly affect emissions from solid waste disposal sites [42].



Between 2010 and 2022, the CH4 emissions from the Dangkao landfill totaled 248 M kg according to the LandGEM model, with an average emission of 18 M kg/year. According to the IPCC FOD model, the total CH4 emissions were 299 M Kg CH4, with an average annual emission of 21 M kg (Figure 4b). Ghosh et al. estimated CH4 generation from three landfill sites in Delhi and found that the LandGEM model predicted over twice as much as CH4 compared to the IPCC FOD model, which contrasts with the findings in the present study [20]. Since there were no LFG collection systems in place and no on-site measurements data available in Cambodia, this study compared the estimated CH4 generation results with field measurement studies conducted in neighboring countries with similar conditions. Table 5 demonstrates that the results obtained from the LandGEM model in the present study and the closed flux chamber method in Thailand were comparable, at 24 and 22 kgCH4/tMSW, respectively. However, the IPCC FOD model in the present study estimated higher CH4 emissions, at 29 kgCH4/tMSW. On the other hand, measurements taken at the LFG collection system in Nam Binh Doung landfill showed an average of 42 kgCH4/tMSW. It is important to note that the higher value for the Nam Binh Doung landfill was likely due to the measurement being taken during the peak period of CH4 generation, which occurred one year after the landfill closure. If the CH4 measurements were taken during landfill operation, the average CH4 generation would likely be lower. Thus, these findings demonstrate the similarity between the results of this study and the field measurement results from other landfills in similar conditions. However, it is worth noticing that the results of landfill CH4 emissions can vary depending on factors such as landfill management practices, waste quantity, and waste composition [44].



Gollapalli and Kota [46] investigated LFG emissions from a landfill in India using a flux chamber and compared them with the results calculated using the Modified Triangular Method (MTM), the IPCC default model, and the LandGEM model. Their study found that the MTM, IPCC default model, and LandGEM model predicted emissions 1.9, 1.4, and 1.6 times higher than those measured on-site, respectively. Furthermore, Chakraborty et al. compared simulation results using the IPCC default model, MTM, and FOD model, and found that the FOD model yielded better results that were comparable to those measured in the field [47]. Ghosh et al. highlighted that a lower CH4 measured on-site may be due to uncertainties in sampling selection and uncontrolled emissions that were unaccounted for [20]. However, Amini et al. noted that the LandGEM model underestimates CH4 production [21]. Kumar and Sharma compared several landfill models and concluded that LandGEM is the most advantageous model due to its ability to provide accurate results [48]. These previous studies suggest that different models may yield different levels of accuracy, with some models overestimating or underestimating CH4 production. On the other hand, it is important to carefully plan field measurements, consider spatial and temporal variability, use appropriate measurement techniques, ensure proper calibration, and account for potential uncontrollable emissions. Combining field measurements with modeling approaches can provide a more comprehensive understanding of CH4 emissions from landfills.




4.2. Estimation of Energy Recovery Potential from LFG Recovery


CH4 generated from landfills can be harnessed for various purposes, including power production, direct use, and conversion into fuel for vehicles [12]. However, this study specifically focused on the utilization of CH4 for electricity generation. Table 6 presents the estimated energy generation potential based on the LandGEM and IPCC FOD models. Between 2010 and 2022, the LandGEM model suggests a range of 4.10 to 97.31 GWh, with an average of 50.89 GWh/year. On the other hand, the IPCC FOD model indicated a range of 5.78 to 114.18 GWh, with an average of 61.27 GWh/year during the same period. A portion of the electricity generated could be used for on-site operations at the landfill, reducing electricity consumption costs. Any excess electricity beyond the site’s requirements could be sold to the national grid, contributing to the overall energy supply. Energy recovery not only offers economic benefits, but also aids in GHG mitigation through electricity substitution. According to the IGES [35], the emission factor for the national grid in Cambodia is 0.586 kg CO2-eq/kWh. Therefore, the electricity generation from LFG recovery could potentially avoid approximately 30 and 36 M kg CO2-eq/year of GHG generated by the electricity sector in the country, based on calculations using the LandGEM and IPCC FOD model, respectively.



It should be noted that LFG recovery has the potential to produce both electricity and heat using the combined heat and power (CHP) technology. By considering CHP, the overall energy efficiency of LFG recovery can be greatly enhanced [9]. In addition to electricity, the generated heat can be utilized in industrial areas, thereby promoting economic benefits. This utilization of heat can also directly mitigate GHG emissions resulting from the combustion of firewood in boilers. In Cambodia, the use of firewood as a fuel source in boilers is common in the garment sector. By diverting the heat generated from LFG recovery to these boilers, the demand for firewood can be reduced, resulting in reduced deforestation and increased forest carbon storage. These additional benefits can significantly improve energy efficiency from landfill management and contribute to sustainable development [49].




4.3. Quantification of Emission Factors for Different Landfill Scenarios


In this section, all values are expressed per ton of MSW and converted to carbon dioxide equivalents (CO2-eq) using the 100-year GWPs of 25 and 298 for CH4 and N2O, respectively. Landfills have direct GHG emissions due to the degradation of decomposable wastes under landfill conditions and the operation of the landfill site, as well as indirect emissions from landfill operations and the installation of landfill equipment. Emission factors associated with landfill technologies under the four selected scenarios were calculated and presented in Table 7. Biogenic CO2 emissions resulting from waste degradation in the landfill were not included in the GHG emissions accounting models. However, carbon sequestration and the environmental benefits of electricity substitution provided by the landfill were taken into account in the model calculations. Among the four scenarios, S2 exhibited the highest emissions, with net GHG emissions of 757.72 and 941.49 kg CO2-eq/tMSW according to the LandGEM and IPCC FOD models, respectively. The main factor contributing to higher emissions in S2 compared to the present landfill management scenario (S1) was the implementation of leachate treatment, which requires the installation of liner materials and the use of chemicals and electricity for leachate treatment. This finding was comparable to that observed in China, 619.5–940.7 kg CO2-eq/tMSW, when applying the same landfill management practices and excluding the collection and transportation of MSW [31]. The similarity in results between the two countries could be attributed to the substantial generation of CH4 due to waste characteristics, with organic waste accounting for approximately 55% of the total waste compositions. Furthermore, carbon sequestration within the landfill was quantified as a negative emission. The extent of carbon sequestration depends on the amount and composition of waste buried in the landfill. In this study, carbon sequestration was estimated to be approximately −104.51 kg CO2-eq/tMSW, falling within the range reported by other studies [14,31].




4.4. Overall GHG Emissions from 2009 to 2022


To quantify the total GHG emissions from the Dangkao landfill between 2009 and 2022, the emissions factors for different landfilling options discussed in Section 4.3 were utilized. Figure 5 illustrates that fugitive CH4 emissions made the largest contribution to the overall GHG emissions in all scenarios. GHG emissions attributed to fugitive CH4 were highest in S1 (98%) and lowest in S4 (86%). Other contributors to GHG emissions from landfill management technologies included N2O emission, leachate treatment, and landfill operation. The second-highest emissions stemmed from leachate treatment, which involved significant electricity consumption, water, and chemical inputs.



Figure 6 indicates that the overall GHG emissions resulting from current landfill management practices (S1) between 2009 and 2022 amounted to 397 and 496 M kg CO2-eq/year, as determined by the LandGEM and IPCC FOD models, respectively. With the implementation of leachate collection and treatment in S2, GHG emissions increased and averaged 409 M kg CO2-eq/year based on the LandGEM model and 509 M kg CO2-eq/year based on the IPCC FOD model. Although S1 exhibited lower GHG emissions compared to S2, the current landfill management practice has a high potential to pollute the landfill vicinity through the leakage of leachate. In contrast, S2 involves the installation of liners and regular soil cover applications, which can reduce liquid infiltration into waste and decrease leachate generation by approximately 50% [31]. Since fugitive CH4 emissions are a key contributor to GHG emissions from landfills, reducing these emissions through LFG-capturing systems for flaring or electricity generation could minimize their potential contribution to global warming [12]. S3 involves the installation of a LFG collection system for flaring, resulting in an average annual emission 182 M kg CO2-eq according to the LandGEM model and 231 M kg CO2-eq calculated based on the IPCC FOD model. GHG emissions in S3 were significantly reduced by at least 55% compared to S2. On the other hand, S4 proved to be the most effective option for reducing GHG emissions. This scenario involved capturing and utilizing landfill CH4 for generating electricity, thereby offsetting emissions from conventional high-emission energy sources. In S4, GHG emissions were estimated at 63 M kg CO2-eq/year based on the LandGEM model and 86 M kg CO2-eq/year according to the IPCC FOD models. Therefore, S4 represents a promising approach to reducing GHG emissions by at least 83% from landfill management. However, implementing such systems requires financial resources and technical expertise, which are currently unavailable in the city. While generating renewable energy from CH4 has the potential to generate income, it remains uncertain whether the LFG-to-energy project will be economically feasible for Phnom Penh.




4.5. Uncertainty Assessment


The above findings demonstrate that landfill CH4 predominately contributes to GHG emissions from landfill management. Therefore, uncertainty in CH4 estimation could influence GHG emission accounting. The uncertainty in predicting landfill CH4 emissions was caused by a lack of precise and reliable data [4]. One of the main uncertainties in data was the physical characteristics of the landfilled MSW. The composition of MSW disposal can vary over time, which can be influenced by factors such as consumption habits, income status, socio-economic factors, etc. [16]. Another factor that can affect MSW characteristics is improving the waste collection system and proper source segregation. The varying composition of MSWs can influence the total amount of DOC in the landfill [4], which in turn affects the estimation of CH4 emissions. The uncertainty in CH4 emissions due to MSW composition has been estimated to be approximately ±30%, as recommended by the IPCC 2006 guidelines. As shown in Figure 7, the LandGEM and IPCC FOD models demonstrated different uncertainty levels in predicting CH4 emissions when variating the waste composition. The LandGEM model indicated that CH4 yields could be doubled if decomposable waste increased by 30%, while reducing biodegradable waste by 30% could decrease landfill CH4 generation by 45%. Meanwhile, the IPCC FOD model showed a lower rate of CH4 variation when fluctuating the waste composition. Decreasing biodegradable waste composition by 30% resulted in reduced CH4 yields by 28%, and vice versa. This clearly demonstrates the influence of MSW characteristics, particularly food waste, on landfill CH4 generation. Therefore, minimizing the landfilling of degradable waste can reduce the enormous amount of landfill CH4.



Another source of uncertainty in CH4 prediction is associated with the selection of landfill types. The Dangkao landfill had a pit depth of 10–30 m, which was within the criteria for unmanaged deep landfill as categorized in the IPCC 2006 guidelines, with a MCF of 0.8 (see Table 2). The LandGEM model showed that shifting the MCF to 0.6 for ab uncategorized landfill reduced CH4 generation potential by 17%. However, increasing MCF to 1 for a managed aerobic landfill increased the CH4 potential by 33%. In the IPCC FOD model, the uncertainty caused by variations in the MCF resulted in a variation in CH4 emissions of ±25%.



According to the IPCC [4], the fraction of CH4 in generated LFG can vary by approximately ±5% from the default value of 50%, depending on several factors. The uncertainty in CH4 emissions resulted from variations in CH4 content ranging between 19 and 24 M kg/year based on the IPCC FOD model. Therefore, the availability of data can have a significant impact on the output value, as indicated by the results demonstrating that uncertainty in available data can lead to huge variations in results [20].





5. Limitations of the Study


Variations in waste composition can result in high uncertainty in the CH4 estimation results. The waste composition in Phnom Penh may have changed over time. However, the time series on waste composition was not available at the Dangkao landfill. Furthermore, due to difficulties in arranging manpower, coordinating waste sampling with the timing of waste disposal, and other logistical challenges, the determination of waste compositions was not carried out in this study. Therefore, the physical composition of MSW in Phnom Penh reported in a scientific study conducted in 2014–2015 was used to simulate the CH4 generation. This could be considered one of the limitations of this study. Another limitation in the present study is lack of field measurements to validate the estimated results. On-site measurements can help identify and account for factors that may not be adequately captured in the estimation models. However, the Dangkao landfill does not have a landfill gas collection system and has partial soil cover, leading to high uncontrolled emissions. Therefore, caution should be exercised when selecting a field measurement method. In future research, it would be beneficial to incorporate experimental measurements to improve the accuracy of CH4 estimation.




6. Conclusions


This study estimated CH4 generation, energy recovery potential, and overall GHG emissions resulting from different landfill management practices at the Dangkao landfill in Phnom Penh. The LandGEM and IPCC FOD models were used to predict CH4 generation from 2009 to 2022. Both models exhibited a similar trend of rapid CH4 degradation shortly after MSW disposal. The LandGEM model estimated approximately 18 M kg/year of CH4 generation, while the IPCC FOD model estimated approximately 21 M kg/year. The CH4 generated from the landfill has the potential to generate an average of 51 and 61 GWh/year of electricity based on the LandGEM and IPCC FOD models, respectively. This renewable energy source can offset electricity supply from the national grid, contributing to a reduction in GHG emissions associated with conventional energy generation sources. Additionally, utilizing the recovered LFG for heat generation in industrial sectors can further maximize LFG utilization efficiency and reduce GHG emissions by substituting the firewood used in boilers. However, heat generation was not included in this study. To evaluate net GHG emissions, four landfill management scenarios were considered. S1 represented the current situation without leachate treatment and landfill gas collection systems, while S2 involved leachate treatment but no landfill gas collection. S3 and S4 incorporated leachate treatment and LFG collection for flaring and electricity production. Among the scenarios, S2 exhibited the highest GHG emissions, with average emissions of 409 and 509 M kg CO2-eq/year according to the LandGEM and IPCC FOD models, respectively. The increased emissions in S2 were mainly due to additional emissions from the leachate treatment process. However, through LFG collection for flaring and electricity production, both S3 and S4 demonstrated significant reductions in GHG emissions, achieving at least 55% and 83% reduction, respectively. Estimating CH4 emissions from landfills can be challenging due to factors such as waste composition, selection of the proper landfill type, and CH4 content in LFG. Therefore, it is crucial to conduct field measurements of CH4 emissions to validate the model calculations and minimize uncertainty. Among the landfill management options, S4 proved to be the most favorable option for GHG mitigation and energy recovery. Further study is needed to evaluate the economic feasibility of the LFG recovery project.
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Figure 1. Map of the study area. 
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Figure 2. Landfilled municipal solid waste composition in Phnom Penh [17]. 
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Figure 3. System boundary for GHG emission quantifications. 
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Figure 4. (a) Annual CH4 emissions and (b) cumulative CH4 emissions based on the LandGEM and IPCC FOD models. 
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Figure 5. Contribution of treatments to overall GHG emissions. 
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Figure 6. Overall GHG emissions based on the LandGEM and IPCC FOD models. 
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Figure 7. Uncertainty assessment in landfill CH4 estimation. 
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Table 1. Population, amount of MSW disposal, and per capita MSW disposal from 2009 to 2022.
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	Year
	Population a

(Thousand)
	Waste Landfilled

(t/year)
	Per Capita Collection

(kg/cap/day)
	Year
	Population a

(Thousand)
	Waste Landfilled

(t/year)
	Per Capita Collection

(kg/cap/day)





	2009
	1393
	177,224 b
	0.70
	2016
	1947
	717,435
	1.01



	2010
	1461
	409,336
	0.77
	2017
	2043
	808,530
	1.08



	2011
	1533
	442,469
	0.79
	2018
	2143
	965,944
	1.24



	2012
	1608
	492,380
	0.84
	2019
	2282
	1,015,980
	1.22



	2013
	1687
	532,471
	0.86
	2020
	2394
	1,035,878
	1.19



	2014
	1770
	617,489
	0.96
	2021
	2511
	1,012,039
	1.10



	2015
	1856
	681,905
	1.01
	2022
	2634
	1,288,223
	1.34







a The population was estimated based on General Population Census 2019 [24]. b The values represent a six-month period (July–December).
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Table 2. The values of MCF recommended in the IPCC 2006 guidelines.






Table 2. The values of MCF recommended in the IPCC 2006 guidelines.





	Type of Waste Disposal Site
	MCF Default Values





	Managed—anaerobic
	1.0



	Managed—semi-aerobic
	0.5



	Unmanaged—deep (>5 m waste) and/or high-water table
	0.8



	Unmanaged—shallow (<5 m waste)
	0.4



	Uncategorized landfill
	0.6
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Table 3. Emission factors used in the study.






Table 3. Emission factors used in the study.





	Item
	Emission Factor
	Unit
	Reference





	Diesel fuel
	2.70
	kg CO2-eq/L
	This study



	Electricity grid
	0.586
	kg CO2-eq/kWh
	[35]



	HDPE liner
	1.9
	kg CO2-eq/kg
	[14]



	Gravel
	0.0027
	kg CO2-eq/kg
	[31]



	Water
	0.0002
	kg CO2-eq/L
	[31]



	HCl
	0.8
	kg CO2-eq/kg
	[31]



	NaOH
	1.04
	kg CO2-eq/kg
	[31]
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Table 4. Comparison of the k and L0 values reported in different studies.






Table 4. Comparison of the k and L0 values reported in different studies.





	Location
	k (year−1)
	L0 (m3/t)
	Reference





	Phnom Penh, Cambodia
	0.21
	90
	This study



	Nam Binh Duong, Vietnam
	0.355
	81
	[38]



	Four landfills, Thailand
	0.33
	-
	[37]



	Sanitary landfills, Malaysia
	0.072–0.136
	151.7
	[39]



	Delhi, India
	0.05
	130
	[40]



	Andhra Pradesh, India
	0.05
	110
	[41]



	Salvador, Brazil
	0.21
	70
	[2]
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Table 5. Comparison of CH4 emissions with field measurement studies.






Table 5. Comparison of CH4 emissions with field measurement studies.





	Methods
	Location
	Annual Waste Acceptance (tMSW/year)
	Annual CH4

Emissions (tCH4/year)
	CH4 Emissions Per Unit Disposal (kgCH4/tMSW)
	References





	LandGEM model
	Dangkao landfill
	728,379
	17,727
	24
	This study



	IPCC FOD model
	Dangkao landfill
	728,379
	21,341
	29
	This study



	Direct measurement at LFG collection system
	Nam Binh Doung landfill
	149,850
	6225
	42
	[38]



	Closed flux chamber
	95 landfills in Thailand
	4,444,605
	98,140
	22
	[45]
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Table 6. Estimation of energy generation and GHGs avoided due to electricity substitution.
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Year

	
LandGEM

	
IPCC FOD




	
CH4 Generated (m3/year)

	
Energy

Recovered (GWh)

	
GHGs Avoided Due to Electricity Substitution (MkgCO2-eq)

	
CH4 Generated (m3/year)

	
Energy

Recovered (GWh)

	
GHGs Avoided Due to Electricity Substitution (MkgCO2-eq)






	
2009

	
-

	
-

	
-

	
-

	
-

	
-




	
2010

	
2,304,208

	
4.10

	
2.40

	
3,250,374

	
5.78

	
3.39




	
2011

	
7,182,351

	
12.77

	
7.49

	
9,832,574

	
17.49

	
10.25




	
2012

	
11,551,496

	
20.55

	
12.04

	
15,179,269

	
27.00

	
15.82




	
2013

	
15,727,845

	
27.97

	
16.39

	
20,008,041

	
35.59

	
20.85




	
2014

	
19,620,866

	
34.90

	
20.45

	
24,326,238

	
43.27

	
25.35




	
2015

	
23,869,270

	
42.45

	
24.88

	
29,133,918

	
51.82

	
30.37




	
2016

	
28,136,721

	
50.04

	
29.33

	
33,936,510

	
60.36

	
35.37




	
2017

	
32,043,991

	
56.99

	
33.40

	
38,230,519

	
68.00

	
39.85




	
2018

	
36,382,906

	
64.71

	
37.92

	
43,201,962

	
76.84

	
45.03




	
2019

	
41,932,569

	
74.58

	
43.71

	
49,889,424

	
88.73

	
52.00




	
2020

	
47,063,634

	
83.71

	
49.05

	
55,855,022

	
99.35

	
58.22




	
2021

	
51,464,896

	
91.54

	
53.64

	
60,785,458

	
108.11

	
63.36




	
2022

	
54,708,299

	
97.31

	
57.02

	
64,196,796

	
114.18

	
66.91




	
Average

	
28,614,543

	
50.89

	
29.82

	
34,448,162

	
61.27

	
35.90
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Table 7. Quantification of emission factors for landfill scenarios (kg CO2-eq/tMSW).
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Activity

	
S1

	
S2

	
S3

	
S4




	
LandGEM

	
IPCC

	
LandGEM

	
IPCC

	
LandGEM

	
IPCC

	
LandGEM

	
IPCC






	
Fugitive CH4

	
820.09

	
998.86

	
820.09

	
998.86

	
405.53

	
493.94

	
190.67

	
291.42




	
Landfill operation

	
1.16

	
1.16

	
10.16

	
11.32

	
11.92

	
13.08

	
14.27

	
15.43




	
Leachate treatment

	
-

	
-

	
14.38

	
14.38

	
14.38

	
14.38

	
14.38

	
14.38




	
N2O emission

	
17.60

	
21.43

	
17.60

	
21.43

	
8.80

	
10.72

	
4.40

	
5.36




	
Electricity offset

	
-

	
-

	
-

	
-

	
-

	
-

	
−51.89

	
−63.20




	
Carbon sequestered

	
−104.51

	
−104.51

	
−104.51

	
−104.51

	
−104.51

	
−104.51

	
−104.51

	
−104.51




	
Total

	
734.33

	
916.94

	
757.72

	
941.49

	
336.12

	
427.61

	
115.91

	
157.85
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