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1. Introduction

Landfill gas (LFG), including methane (CH4) emissions from land-
fills, needs to be accurately quantified and predicted to establish 
appropriate CH4 management strategies because landfills are known 
to be anthropogenic sources of CH4. Most of the models used to 
predict LFG and CH4 generated from landfills are based on the 
first-order decay (FOD) model:

   (1)

where G is the CH4 generation rate in volume per time, W is the 
mass of waste in place, L0 is the CH4 generation potential in volume 
per mass, k is the CH4 generation rate constant in reciprocal time, 
and t is the time elapsed after disposal of the waste.

The FOD model is based on waste disposal rates and the applica-
tion of two parameters: L0 and k. For L0, the Intergovernmental 
Panel on Climate Change (IPCC) provides the following equation [1]:

   ×  ×  ×  ×


(2)

where DOC is the amount of degradable organic carbon in waste, 
kg Mg-1, DOCf is the fraction of DOC that can decompose, MCF 
is the CH4 correction factor for aerobic decomposition, F is the 
volume fraction of CH4 in the LFG, and 16 and 12 are the molar 
masses of CH4 and carbon, respectively.

The k value generally describes the rate constant associated 
with waste decomposition, moisture, and other environmental con-
ditions [2]. In addition, the CH4 recovery efficiency (R) and oxidation 
factor (OX) should be considered to estimate CH4 surface emission. 
R is affected by landfill operating conditions and LFG collection 
methods [3]. OX is the fraction of CH4 biologically oxidized by 
the cover soil.

The FOD model parameters are highly dependent on environ-
mental conditions. Site-specific the FOD model parameters improve 
the model results. In most cases, L0 and k are estimated using 
laboratory tests (e.g., biochemical methane potential (BMP) and 
lysimeter experiments), or using model fitting with LFG short-term 
or extraction data. However, the L0 and k values obtained via labo-
ratory tests are typically greater than those obtained from full-scale 
data, because the waste samples are digested under optimum 
conditions. Thus, FOD models typically overestimate the amounts 
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of LFG produced at landfills because of the use of regulatory default 
model parameters that are intended to produce conservative emis-
sions estimates [4]. Cho et al. [5] suggested that the L0 obtained 
from laboratory test needs to be adjusted using a correction factor, 
but the parameter still has significant uncertainty. Thus, the parame-
ters in the FOD model should be estimated under site-specific 
landfill conditions, including those related to waste characteristics, 
moisture content, and temperature [4].

For these reasons, more data from full-scale landfills are needed 
with complete data sets that provide descriptions of LFG quality 
and quantity, waste placement rates, and gas collection efficiency. 
Historically, however, FOD modeling was based on a limited number 
of field observations or an incomplete description of the landfill 
and LFG collection system [2]. Full-scale landfills with sufficient 
data that can be used for determination of FOD model parameters 
are rare.

The model fitting method that uses LFG short-term or extraction 
data is limited when employing default model parameters. For 
example, when a k value is estimated using the LFG extraction 
data, the errors in the estimated L0 based on assumptions for DOC 
and DOCf can significantly affect the estimates of k [6]. Thus, DOC 
and DOCf are fixed within a plausible range, and k should be 
optimized by model fitting method of the collected LFG data. 

Additionally, a suitable validation of the FOD model parameters 
requires comparison with all of the site emission measurement 
data for long periods of time. Continued field measurement will 
reduce the uncertainty and inaccuracy in future estimates of CH4 
emission [7].

The objective of this study was to more accurately estimate 
the primary parameters (DOCf, R, OX, L0 and k) through CH4 and 
carbon flow balances based on analysis of a full-scale landfill with 
long-term data and detailed field records on waste composition, 
LFG, and leachate. This study was also conducted to estimate the 
DOC of disposed waste using BMP values for each waste component 
in a case-study landfill. Estimating behavior of carbon release in 
landfill can assists in the determining of DOCf. The extent of carbon 
conversion is defined as the fraction of the organic carbon converted 
to CH4 and CO2, which is equivalent to the DOCf. This study is 
unique and valuable because actual long-term measured LFG data 
(10 y) from a Korean landfill was used to determine the primary 
parameters for the FOD modeling. In addition, a comparison was 
made between the measured and the model results. Further, carbon 
emissions derived from both the modeled and measured data were 
compared to validate the estimated parameters. This study could 
help to reduce the uncertainty involved in using FOD model parame-
ters and predicted LFG emissions, and to enhance understanding 
of the long-term behavior of carbon via LFG and leachate in landfills.

2. Methodology

2.1. Methane and Carbon Flow Balances

For mass balance analysis, the landfill is considered as a system. 
Landfill CH4 mass balance can be presented using Eq. (3) [8]. 
However, CH4 storage (△S) was considered to be negligible in 
this study, because in comparison to the other components for 

long periods of time, changes in landfill CH4 storage are generally 
assumed to be insignificant [7]. The OX and R values for a case-study 
landfill were estimated through a landfill CH4 mass balance ap-
proach:

     △ (3)

where Qg is the generated CH4, m3 y-1; Oox is the oxidized CH4, 
m3 y-1; Qem is the emitted CH4, m3 y-1; Qc is the collected CH4, 
m3 y-1; and △S is the change in CH4 storage, m3 y-1.

LFG emissions from a given amount of landfill waste depend 
on the carbon flows in the waste. Estimating carbon release via 
LFG and leachate assists in the understanding of the long-term 
behavior of carbon release in landfill [9]. In order to determine 
DOCf, the amount of carbon released from organic waste decom-
position needs to be estimated. The quantity of carbon generated 
in LFG and leachate could be estimated using Eq. (4) and (5) [10]:

 × 

 × 
(4)

   ×  ×  × 


(5)

where Cg,t is the amount of carbon generated via LFG at t year, 
Mg y-1; VLFG,t is the volume fraction of LFG at t year, m3 y-1; 12 
is the molar mass of carbon, kg mol-1; 22.4 is the molar volume, 
m3 mol-1; CODcon,t is the chemical oxygen demand (COD) concen-
tration of leachate at t year, mg L-1; Pt is the flow rate of leachate 
at t year, m3 y-1; Cle,t is the amount of carbon emitted via leachate 
at t year, Mg y-1; t is the time since the initial waste placement, 
y; and 3/8 is the conversion from COD to C.

The total quantity of carbon (Cs) generated via LFG and leachate 
can be calculated from the following equations. 

    (6)

    (7)

    (8)

where Cin is the amount of carbon in LFG flux under the landfill 
cover soil, Mg y-1; Cc is the amount of carbon collected through 
the LFG collection system, Mg y-1; Cox is the amount of carbon 
oxidized through the cover soil, Mg y-1; and Cem is the amount 
of carbon emitted via LFG, Mg y-1.

2.2. Case-Study Landfill

Full-scale landfills with sufficient data that can be used for modeling 
purposes are rare. Thus, a case-study landfill needs to have sig-
nificant data on waste composition, waste amount, leachate, and 
LFG data for long periods of time. In this study, the selected 
case-study landfill is the Sudokwon landfill site 1 (SLS 1) located 
in Inchon City, Korea. The Sudokwon landfill is the largest landfill 
in Korea. SLS 1 began operation in 1992 and was closed in 2000, 
to be replaced by site 2 which has been operational since 2000. 
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Horizontal LFG collection wells were initially installed in 1997 
and the LFC collection system was changed to accommodate vertical 
LFG collection wells in 2003. Collected LFG was initially flared 
and was then used to supply a power plant (50 MW). The LFG 
flare systems were later closed in 2008. The final cover for SLS 
1, which was installed in 2004, consists of a gas venting layer (30 
cm), an overlying barrier clay layer (45 cm), an overlying gravel drainage 
layer (30 cm), and an overlying vegetation cover (60 cm). The waste 
composition data for SLS 1 are provided in Table S1 [11].

From 2005 to 2014, CH4 and CO2 emission measurements were 
conducted at SLS 1 using the dynamic flux chamber method as 
well as leachate generation rate and COD concentration [11, 12]. 
The measured data are shown in Table 2. IPCC [1] reported that 
the quantity of DOC emitted from landfill leachate should be consid-
ered an estimation of DOCf because in countries with high precip-
itation rates, the amount of DOC lost through leaching can be 
higher than in countries with drier climates. Thus, the quantity 
of DOC emitted from SLS 1 was calculated using Eq. (5) based on 
the leachate generation rate and the COD concentration (Table S2).

2.3. Estimation of FOD Modeling Parameters

2.3.1. DOC
DOC is the organic carbon in wastes that is accessible to biochemical 
decomposition, which includes the biochemical processes in a 
cell or organism. From the processes, the organic carbon is decom-
posed in anaerobic processes to CH4 and CO2; this implies that 
the biological method is only appropriate for estimating DOC. In 
this study, a BMP test was suggested as the biological method 
because the BMP value is the ultimate amount of CH4 produced 
under optimal anaerobic conditions. DOC can be calculated using 
the following equation:

 
 ×  ×  ×




(9)

Eq. (9) was based on an assumed DOCF value of 1.0 because 
the BMP value generally represents an upper limit on the CH4 
potential of waste. L0 values for the annually disposed wastes were 
calculated using the BMP values for each waste component weighted 
according to the waste composition for SLS 1. Table S3 shows 
the BMP data for each waste component, which were obtained 
in previous Sudokwon landfill site research [13]. Most waste in 
landfills generates a gas with about 50% CH4. Only material that 
includes substantial amounts of fat or oil can generate gas of more 
than 50% CH4. Therefore, the F value of 50% was used for the 
calculation in Eq. (9). MCF is defined as the portion of carbons 
that decompose anaerobically. The default value of MCF for anaero-
bic landfills is set as 1.0, which means that 100% of organic carbon 
is decomposed anaerobically. The MCF value of 1.0 was used in 
this study, because the BMP test was conducted under anaerobic 
conditions. The DOC value of the waste (DOCMSW) can be calculated 
from the weighted average of the DOC of each biodegradable compo-
nent (DOCi), as described in Eq. (10):

 ∑  
  ×   (10)

where i is the ith waste component.

2.3.2. OX
To calculate the efficiency of CH4 oxidation, a method derived 
by Christophersen et al. [14] was used. This method is derived 
from the fact that the ratio of CO2 and CH4 shifts with the oxidation 
process while the total volume of CO2 and CH4 remains constant. 
Using this method, it is assumed that CO2 is not dissolved in 
the infiltrating water, and the production of gas in the soil is negli-
gible, which means that under stationary conditions, the total LFG 
flux at the surface of the cover soil is equal to that at the bottom 
of the cover soil. The total LFG flux can be calculated from the 
following equation:

Total LFG flux = CH4 emission flux (Qem) + CO2 emission flux

= CH4 influx + CO2 influx (11)

where CH4 influx and CO2 influx are the CH4 and CO2 fluxes under 
the landfill cover soil, m3 y-1.

Knowing the total LFG flux at the surface of the cover soil and 
the CH4/CO2 ratio at the bottom of the cover soil, the CH4 influx 
can be calculated from the following equation [14]:

        ×   



(12)

where CO2 collected flux is the collected CO2 flux, m3 y-1.

The difference between the CH4 emission flux (Qem) and CH4 influx 
is the amount of methane. Thus, OX was estimated using Eq. (13):

  

  
×  (13)

2.3.3. R
CH4 recovery is directly quantified using mass flow measurements. 
The collection efficiency (R) for a measurement period is defined 
as the fraction of generated gas collected from an entire landfill. 
The R value can be calculated using Eq. (14):

  


×  (14)

2.3.4. k
The k value was calculated from the measured carbon emissions 
using non-linear regression. Since waste decomposition does not 
begin immediately after disposal, CH4 production begins either 
in one or two year after the waste is disposed of in a landfill 
[15]. In this study, it was assumed that CH4 generation was initiated 
one year after disposal. SLS 1 closed in 2000, which meant that 
CH4 generation could have increased up to 2001, and then con-
sistently decreased. Thus, the amount of carbon emissions at year 
t after 2001 can be described by a first-order kinetic model:
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Ct, 2001 =C2001 e-kt  (15)

where Ct, 2001 is the amount of carbon emissions at year t since 
2001, Mg y-1; C2001 is the maximum carbon emission at year 0 
in 2001, Mg y-1; and k is the CH4 generation rate constant, y-1.

2.3.5. DOCf

The total amount of carbon emission was calculated from the sum 
of the carbon emitted from disposed wastes for long periods of 
time as the degradable waste decomposes during that period of 
time. In this study, the LandGEM model [16] was used to estimate 
the DOCf value using the estimated k value via Eq. (15), as presented 
in Eq. (16):

 
  




  











 




  (16)

where, i is the time period of waste disposal (y-1), j is 1/10th time 
increments (y-1), n is the duration of waste acceptance at the landfill 
(y), k is the FOD rate constant (y-1), Mi is the tonnage of waste 
disposed in year i (Mg), L0i is the CH4 generation potential of waste 
disposed in year i (m3 Mg-1), and ti,j is the age of jth section of 
waste Mi (y).

It was assumed that the DOC present in the landfill was potentially 
converted. However, some of the carbon was not converted because 
conditions in the landfill do not allow biodegradation. This is ac-
counted for by a dissimilation factor, DOCf. Eq. (17) can be used 
to calculate DOCf. The cumulative carbon emission is given by 
the sum of the carbon emitted via LFG and leachate in different 
years:

  
  

×  (17)

In this study, a first-order carbon emission model was applied 
to validate the estimated DOCf and k values. The model was devel-
oped on the basis of a single-stage generation trend, assuming 
a peak carbon emission rate at the direct commencement of the 

carbon emissions. The carbon emission rate decreases thereafter 
according to a first-order kinetic, as expressed in Eq. (18) and 
(19):

   ×  ×  (18)

   ×    (19)

where, DDOCm, t is the mass of decomposable DOC at time t, Mg 
y-1; Wt is the mass of waste deposited at time t, Mg y-1; t is the 
time since the initial waste placement, y; and Ct is the carbon 
emission rate at time t, Mg y-1. 

3. Results and Discussion

3.1. Estimation of DOC Using BMP Value

Table 1 shows the DOC values calculated using Eq. (9) based on 
an assumed DOCf value of 1.0 from this study when the CH4 density 
is 0.716 g L-1 at 0°C. For the annually disposed wastes, considering 
waste components other than plastic wastes, the DOC values ranged 
from 79.1 to 109.1 kg Mg-1. Plastics are composed of fossil carbons 
and thus were not considered in the evaluation of the DOC values. 
The minimum DOC was 79.1 kg Mg-1 in 2000, because the non-com-
bustible waste component (39.72%) was the largest portion of dis-
posed waste in SLS 1, as reported in Table S1. The calculated 
DOC values were slightly higher than the ranges reported in the 
literature. Mou et al. [17] showed that DOC for combustible waste 
ranges from 79.6 to 87.4 kg Mg-1. Cho et al. [5] reported that the 
BMP value for fresh waste is 53.1 kg Mg-1 (74 m3 Mg-1), which 
means that based on an assumption of a DOCf of 1.0, the DOC 
is 79.7 kg Mg-1. The higher DOC values obtained in this study 
can be explained by the higher proportion of food and paper wastes.

3.2. Estimation of R and OX Using the CH4 Flow Balance

In this study, total CH4 generation flux (Qg) can be calculated using 
Eq. (3). The measured data of collected CH4 flux (Qc) and CH4 

emission flux (Qem) is shown in Table 2. Qox is the difference between 
the CH4 emission flux (Qem) and CH4 influx. The CH4 influx was calculated 
using Eq. (12). The values of OX and R were estimated using Eq. 

Table 1. Results of DOC Values for the Annually Disposed Wastes at SLS 1

Year Amount of disposed waste (Mg)
L0 (kg CH4 Mg-1)

(*DOCf=1)
DOC (kg Mg-1) Total DOC (Mg)

1992 1,462,254 67.2 ± 10.3 100.8 ± 15.4 147,438 ± 22,488

1993 8,088,911 72.7 ± 10.8 109.1 ± 16.3 882,299 ± 131,532

1994 11,664,891 57.4 ± 8.6 86.1 ± 12.8 1,004,753 ± 149,734

1995 9,177,982 59.6 ± 8.8 89.3 ± 13.3 820,046 ± 121,828

1996 8,613,533 60.9 ± 9.0 91.4 ± 13.6 787,041 ± 116,784

1997 7,702,975 60.4 ± 8.9 90.5 ± 13.4 697,499 ± 103,265

1998 6,603,425 61.3 ± 9.1 91.9 ± 13.6 607,072 ± 89,821

1999 6,027,635 59.2 ± 8.8 88.8 ± 13.1 535,101 ± 79,246

2000 4,911,254 52.7 ± 7.6 79.1 ± 11.4 388,377 ± 55,951
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(13) and (14). Table 2 shows the CH4 flow balance results for SLS 1, 
which reveal that 67-91% of the generated gas was collected. The 
results generally agree with the efficiencies reported in the literature, 
whereby a landfill installed with a final clay cover and active 
LFG extraction system can achieve LFG recovery efficiencies of 
up to 85% [3]. SLS 1 had a combination of final cover soils and 
active gas collection systems.

However, the estimated annual R values at SLS 1 decreased 
by about 17% from 84.67% in 2011 to 67.61% in 2013, due to 
the broken LFG collection piping and moisture condensation. 
Differential settlement can lead to breakage of the LFG collection 
piping. Moreover, the LFG is saturated with water vapor; when 
LFG cools in the LFG collection piping, moisture condensation 
is produced in the piping, thus clogging the piping. 

Table 2 shows that OX ranged from 72.57 to 99.90%. CH4 emission 
flux (Qem) showed a significant increase with decreasing OX values 
in the period between 2007 and 2008. This may be because the 
final cover systems were subjected to differential settlement and 
closed LFG flare systems, which were areas with lower flow resist-
ance, causing lateral gas transport, resulting in a much higher 
CH4 emission flux.

CH4 oxidation in landfill cover soils can range from negligible 
to 100% in field settings. According to Park et al. [18], OX values 
in a landfill range from 46 to 64%. Börjesson et al. [19] showed 
that OX values for closed landfill sites range from 30.8 to 46.9%. 
The higher OX values obtained in this study can be explained 
by the soil texture and layer thickness in addition to the low CH4 
influx under the cover soil. A thicker layer can also allow a higher 
CH4 oxidation rate, because the temperature and moisture might 
be more suitable and remain more stable than in a thin cover, 
since the thicker layer is less subject to drying from wind and 
solar radiation [8, 20]. In addition, the landfill surfaces in this 
study were covered with final soil covers that included a 0.6 m 
vegetation cover, which provides a sufficient supply of oxygen. 
According to Abichou et al. [21], plant roots can enhance the aeration 
of soil by creating secondary macropores.

Another reason for the increase in CH4 oxidation is the high 
LFG gas recovery, resulting in decreasing CH4 influx in a landfill 
cover soil. When CH4 influxes are high in a landfill, using a gas 
collection system can reduce the CH4 influx, resulting in improved 

CH4 oxidation efficiency [22]. According to Abichou et al. [21] 
and Rachor et al. [23], OX can be highest (> 90%) for CH4 influx 
less than 10 g m-2 d-1 (g/m2 d). Geck et al. [24] showed that oxidation 

Fig. 1. Change in CH4 influx with time.

of 17.1 g m-2 d-1 in conventional landfill covers seems realistic. 
Fig. 1 shows that CH4 influxes for SLS1 were less than 5 g m-2 
d-1, causing high OX ranges of 72.57% to 99.90%. Besides, CO2 
production through high CH4 oxidation appears to make a significant 
contribution to high CO2 surface emission flux.

According to Amini et al. [7], assuming that the OX ranges 
from 5 to 20%, uncertainty is insignificant when estimating CH4 
emissions using the FOD model. However, the OX values obtained 
from this study and previous literature [18] in Korean landfills 
were higher than those of the criteria prescribed by Amini et al. 
[7]. Thus, in order to reduce the uncertainty of the CH4 emission 
estimation when FOD models are applied to Korean landfills, 
site-specific OX values need to be estimated.

3.3. Estimation of k and DOCf Using Carbon Flow Balance

Table 3 shows the results of carbon flow balance. The total quantity 
of carbon (Cs) generated via LFG and leachate was calculated using 
Eq. (6)-(8). The quantity of carbon generated in LFG (Cg) and leachate 
(Cle) was estimated using Eq. (4) and (5). The total annual amounts 

Table 2. Summary of the CH4 Flow Balance (Unit: m3-CH4 min-1)

Year Qg Qc Qem Qox OX (%) R (%)

2005 124.76 112.87 0.14 11.75 98.82 90.47

2006 108.21 98.96 0.22 9.03 97.62 91.45

2007 90.35 80.07 2.82 7.46 72.57 88.62

2008 70.29 59.44 2.78 8.07 74.38 84.56

2009 56.61 51.49 0.12 5.00 97.65 90.96

2010 55.68 47.05 0.21 8.42 97.57 84.49

2011 44.55 37.72 0.86 5.97 87.40 84.67

2012 45.51 35.98 0.01 9.52 99.90 79.06

2013 46.01 31.11 0.29 14.61 98.05 67.61

2014 37.55 29.18 0.23 8.08 96.54 77.70
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of DOC (Cs) in 2014 were significantly lower than those in 2005. 
The proportions of DOC emitted via LFG were about 99% of the 
total carbon emissions, while those of DOC emitted via leachate 
ranged from 0.51 to 1.27%. Generally, the amounts of DOC lost 
with the leachate are less than 1% [1]. Previous studies reported 
that less than 2% of the total input carbon is emitted through 
leachate in landfills [9, 25]. The low proportion of DOC emitted 
through leachate can be explained by the low hydraulic con-
ductivities of compacted municipal solid waste (MSW), which im-
pedes water flow. Jang et al. [26] reported that the hydraulic con-
ductivities of waste at the Sudokwon landfill ranges from 2.91 
× 10-4 to 2.95 × 10-3 cm s-1. Leachate migration through compacted 
MSW is relatively slow, resulting in sufficient residence time and 
environmental conditions for carbon degradation in the landfill.

Fig. 2 shows the relationship between rainfall and the leachate 
generation rate. As expected, the leachate production rate for SLS 
1 ranged from 289,810 to 811,760 m3 y-1, depending largely on 
the rainfall. However, the amount of DOC emitted in leachate tended 
to decrease with time, despite the fluctuating rainfall. When the 
total annual rainfall was in excess of 1,500 mm y-1, the proportions 
of DOC emitted via leachate were 1.05% in 2010, and 1.27% in 
2011. This decreasing trend can be attributed to a reduction in 
the amount of DOC in the landfill during the time series.

If LFG data are available, the k value can be selected by model 
fitting and regression using the first-order model [2]. The k value 
was calculated by non-linear regression using Sigma-Plot software 
(version 10.0). Fig. 3 shows the curve-fitted line using Eq. (15) 
to calculate the k value. Eq. (20) gives the result, and the correlation 
coefficient was 0.98.

Ct,2001=120,638e -0.1463t  (20) 

The k value was 0.1463 y-1. A k value of 0.1463 y-1 indicates 
that the CH4 generation rate in the studied landfill was higher 
than the default k prescribed by the IPCC [1], which is 0.09 y-1 
in boreal and temperate climates. A major cause for such a k value 
is probably the high proportion of food waste disposed in the studied 
landfill, as reported in Table S1. Food waste typically contains 
high moisture content, resulting in an accelerated rate of decom-
position for other wastes.

However, the k value may be affected by the internal landfill 

conditions (e.g. temperature, moisture), weather conditions and 
cover layer. In addition, each waste component degrades at a differ-
ent rate, which implies that declining proportions of rapidly degrading 

Fig. 2. Change in rainfall, leachate generation rate, and amount of 
DOC emitted via leachate (Cle) with time.

waste fractions may lead to changing k values over time. This 
indicates the difficulty in estimating a constant k value for aggregate 
waste with changing waste properties [27]. According to Govindan 
and Aqamuthu [28], the aggregate waste approach has higher error 
estimates, compared with the waste composition approach. 
Therefore, further studies are required to evaluate the waste compo-
nent-specific decay rates using the waste composition approach.

The carbon emissions were modelled using LandGEM (Eq. (16)), 
with L0 values between 10 and 30 m3 Mg-1. Fig. 4 shows that the 
best fitted L0 value proved to be 20 m3 Mg-1, which resulted in 
model results that corresponded to the measured data. 

In addition, error function analysis was used to conduct the 
L0 validation. Error function analysis is a significant statistical analy-
sis used to prove the accuracy of the model prediction [28]. In 
this study, the normalized mean square error (NRMSE) was used 
to validate the L0 value using Eq. (21):

  




 

(21)

where, Cm and Ca are the measured CH4 and calculated CH4, 
respectively.

Table 3. Summary of Carbon Flow Balance (Unit: Mg y-1)

Year Cs Cg Cc Cin Cle Cle/Cs×100

2005 59,887 59,581 53,884 5,696 307 0.51

2006 51,639 51,370 46,966 4,404 269 0.52

2007 42,939 42,706 37,835 4,871 233 0.54

2008 34,578 34,340 29,038 5,302 238 0.69

2009 27,837 27,602 25,108 2,495 234 0.84

2010 27,400 27,113 22,909 4,204 288 1.05

2011 22,220 21,937 18,575 3,362 283 1.27

2012 22,230 22,008 17,398 4,609 222 0.99

2013 22,416 22,255 15,047 7,208 160 0.71

2014 18,283 18,170 14,118 4,052 113 0.62
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Table S4 gives the error estimates from NRMSE. The best fitting 
value of L0 from the error function analysis was 20 m3 Mg-1. Fig. 4 
shows that the peak carbon emissions rate derived from the 

Fig. 3. Curve fitting for the annual carbon emissions at SLS 1.

Fig. 4. Annual carbon emissions by varying L0 compared with actual 
carbon emissions.

LandGEM was estimated to be 103,193 Mg y-1. The peak carbon 
emissions rate derived from the LandGEM is more than that obtained 
from Eq. (20). One possible explanation is that annual carbon emis-
sions estimated through the LandGEM are calculated at the end 
of each year, while those obtained from Eq. (20) are plotted to 

the first of the year.
Table 4 shows the k value obtained from this study was generally 

within the ranges reported in the literature. However, the L0 value 
obtained from SLS 1 was lower than those reported in the literature. 
One possible explanation is that the carbon emissions from food 
waste is not considered in the selection of L0, resulting in a smaller 
L0 value.

IPCC [1] reported that the half-life values for food waste occur 
in the range 3-6 y in boreal and temperate climates, which indicate 
that food waste produces more CH4 because it decomposes promptly 
compared with other wastes. Thus, food waste is unable to con-
tinuously yield more CH4 after closure of a landfill. However, we 
only have recorded the gas data for the years 2005 to 2014 and 
have extrapolated this to obtain the data for the years 1992-2004; 
this could lead to an error in the estimate. Thus, more LFG data 
from during the landfill operation period are needed to improve 
the accuracy of the FOD LFG model parameters.

To more accurately model carbon emissions, L0 and k values 
were applied to two waste streams: (1) food waste, and (2) non-food 
wastes. It was assumed that food waste did not influence the esti-
mated L0 of 20 m3 Mg-1 and k of 0.1463 y-1. Thus, the L0 and 
k values for non-food wastes were set at 20 m3 Mg-1 and 0.1463 
y-1, respectively. The L0 for the food waste was calculated using 
the ultimate CH4 yield (117.1 m3 Mg-1, see Table 1) and DOCf 
derived from laboratory measurement. The DOCf value for food 
waste suggested by Eleazar et al. [30] is 0.84. Using these values, 
the L0 was estimated as 98.4 m3 Mg-1 for the food waste (L0 = 
117.1 m3 Mg-1 × 0.84 = 98.4 m3 Mg-1).

In this study, the k value for the food waste was determined 
through comparison of the modeled versus measured results. The 
selected parameter k minimized the NRMSE for measured and 
modeled data, which were the sum of the carbon emissions for 
both food waste and non-food wastes. The best-fitting value of 
k from the error function analysis using Eq. (21) was 0.45 y-1, 
as shown in Table S5. Fig. S1 provides a comparison of measured 
and modeled annual carbon emissions using two waste streams. 
The total carbon emissions were the sum of the modeled carbon 
emissions for both food waste and non-food wastes. The results 
show that the modeled carbon emissions for non-food wastes were 
similar to the measured data, which implies that the food waste 
did not generate significant annual carbon emissions for the years 
2005 to 2014.

The carbon emissions from 1992 to 2030 were calculated using 
LandGEM based on the estimated L0 and k values for both food 
waste and non-food wastes. The results show that the total amount 

Table 4. Comparison of L0 and k values Obtained in the Previous Literature

Landfill L0 (m3-CH4 Mg-1) k (y-1) Country References

Five landfills 56-77 0.04-0.13 Florida, USA [2]

Two cells in a landfill 48.4 (34.7-58.2) 0.06-0.11 Louisville, USA [6]

One landfill 13-30 0.07-0.36 Italy [29]

One landfill - 0.08-0.09 Malaysia [28]

One landfill 120 0.18 Finnish [27]

SLS 1 33.7-46.7 0.24 Korea This study
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of carbon emissions via LFG and leachate was 2,358,663 Mg. 
Considering that the total disposed DOC was 5,869,626 Mg, the 
DOCf was 0.40, which implies that 40% of DOC was decomposed 
and the remaining 60% was stored within the landfill.

In this study, a single k value for SLS 1 was calculated using 
the composition of the disposed waste (see Table S1). The results 
show k values for food waste and non-food wastes as 0.45 and 
0.1463 y-1, respectively. Thus, the k value (ktotal) of the landfilled 
waste could be calculated from a weighted average (wt.fraction) 
of the k values for food waste and non-food wastes, as described 
in Eq. (22):

       × 

             ×  (22)

Using Eq. (22), the k value was calculated as 0.24 y-1 for the 
SLS 1. The first-order carbon emission model was used to validate 
the DOCf and k values derived from this study. Fig S2 provides 
a comparison of the modeled nonlinear regression using Eq. (19), 
the modeled carbon emission using the DOCf value of 0.40 and 
k value of 0.24 y-1, and the measured carbon emission data for 
SLS 1. It can be seen that the models closely fit the actual data, 
which implies that carbon flow balance methods are appropriate 
for use in estimating the k and DOCf values and for predicting 
the long-term carbon emissions from landfills.

The DOCf value of 0.40 is within the reported range for landfills. 
For a conventional landfill, 17% of the entering organic carbon 
is emitted through gaseous emissions, which means that DOCf 
is 0.17 [24]. De la Cruz et al. [31] estimated that 0.66 ± 0.16 g 
of biogenic carbon is stored per g of biogenic carbon of waste, 
which implies that DOCf ranges 0.18-0.50 (average 0.34).

DOC that does not degrade is considered to be stored within 
the landfill [32]. According to Christensen et al. [33], carbon storage 
is one of the significant factors in greenhouse gas life-cycle analysis 
for landfills. In this study, the carbon storage factor for SLS 1 
was 0.055 g-DOC stored per g-wet waste. Assuming that the moisture 
content of the wastes was 30%, the carbon storage factor was 0.039 
g-DOC stored per g-dry waste. De la Cruz et al. [31] showed that 
carbon storage factors range from 0.01 to 0.2 g-DOC stored per 
g-dry waste.

The L0 values reported in Table 1 were corrected by multiplying 
by DOCf. As discussed above, the DOCf needs to be applied to 
L0 because of the use of the ultimate CH4 yield values measured 
in the BMP test. Table S6 shows the resulting corrected L0 values 
for SLS 1 ranging from 21.1 to 29.1 kg-CH4 Mg-1. With the assumption 
of a constant CH4 density (0.716 kg m-3 at 0°C), the L0 values could 
be expressed volumetrically, and thus ranged from 33.7 to 46.7 
m3-CH4

 Mg-1.

4. Conclusions

In order to improve the accuracy of the FOD model, the parameters 
(L0 and k) in the FOD model should be determined under site-specific 
landfill conditions. However, when L0 and k values are determined 
using the LFG extraction data, the errors in the estimated L0 based 

on assumptions for DOC and DOCf can affect the estimates of 
k [6]. Thus, in order to improve accuracy of L0 and k values, the 
determination of the DOC and DOCf are important.

This study provides a methodology based on extensive data 
that can be used to estimate the FOD LFG model parameters. DOC 
can be estimated using a BMP test based on an assumed DOCf 
value of 1.0, because the BMP value generally represents an upper 
limit on the CH4 potential of MSW. The results of the study show 
that CH4 and carbon flow balance methods can be used appropriately 
to estimate model parameters and predict the long-term carbon 
emissions from landfills. Thus, FOD models can be used to better 
estimate CH4 generation and emissions if site-specific input data 
are used. The carbon storage factor for SCL 1 was 0.055 g-DOC 
stored per g-wet waste and the amounts of DOC lost with the 
leachate were less than 1.3%. The appropriate k for bulk waste 
was 0.24 y-1. The L0 values ranged 33.7-46.7 m3-CH4

 Mg-1, based 
on the DOCf value of 0.40.

However, this study revealed a limitation about the CH4 and 
carbon flow balance methods. The L0 and k values were calculated 
using field data, but the food waste was not considered in the 
selection of these two key parameter values. This was because 
food waste has a short half-life value and thus is unable to con-
tinuously yield more CH4 after closure of a landfill. The scarcity 
of gas data during the period of landfill operation might mislead 
estimation of FOD model parameters. It should be noted that if 
the gas data generated after closure of a landfill is used to perform 
regression analysis, different L0 and k values can be reached. 
Nevertheless, the CH4 and carbon flow balance methods used here 
to estimate the FOD model parameters are recommended as the 
optimum method if long-term LFG data are available.
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Nomenclature

Cg,t amount of carbon generated via LFG at t year, Mg y-1

Cle,t the amount of carbon emitted via leachate at t year, 
Mg y-1

Cc amount of carbon collected through the LFG collection 
system, Mg y-1

Cem amount of carbon emitted via LFG, Mg y-1

Cin amount of carbon in LFG flux under the landfill cover 
soil, Mg y-1

Cox amount of carbon oxidized through the cover soil, Mg y-1

Ct amount of carbon emissions at year t
CH4 influx CH4 flux under the landfill cover soil, m3 y-1

CO2 influx CO2 flux under the landfill cover soil, m3 y-1

CODcon,t COD concentration of leachate at t year, mg L-1

DOC degradable organic carbon in waste, kg Mg-1

DOCf fraction of DOC that can decompose
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DDOCm mass of decomposable DOC
F volume fraction of CH4 in the landfill gas
k CH4 generation rate constant, y-1

L0 CH4 generation potential (m3-CH4 Mg-1)
MCF CH4 correction factor for aerobic decomposition
OX oxidation factor, %
Qc collected CH4, m3 y-1

Qem emitted CH4, m3 y-1

Qg generated CH4, m3 y-1

Qoxt oxidized CH4, m3 yr-1

R CH4 recovery efficiency, %△S change in CH4 storage, m3 y-1

VLFG,t volume fraction of LFG at t year, m3 y-1

Wt mass of waste deposited at time t, Mg y-1
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