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Abstract: Methane is a powerful greenhouse gas and short-lived climate pollutant gener-
ated in landfills. In this work, five first-order decay models were implemented to estimate
the methane emissions from a landfill near Oaxaca city. The five models were the simple
first-order decay model, the modified first-order decay model, the multiphase model, the
LandGem model, and the Intergovernmental Panel on Climate Change (IPCC) model.
An autoregressive integrated moving average (ARIMA) model was built to predict waste
generation, and a gravimetric method was used to estimate the volume of stored waste.
The ARIMA model correctly predicted the generation of municipal solid waste, calculating
108,202 tons of solid waste in the landfill for the year 2022. In terms of the models and
considering the experimental data measured in 2020, the simple model and the simple mod-
ified model were more accurate, with 3.50 × 106 m3 (relative error = 1.0) and 3.76 × 106 m3

of methane (relative error = 6.3), respectively. The multiphase model calculated a value of
3.09 × 106 m3 of methane (relative error = 12.6), the LandGEM model calculated a value of
4.97 × 106 m3 (40.7), and the IPCC model calculated a value of 3.19 × 106 m3 (relative error
= 9.7). The LandGEM model was improved when the standard values proposed by the En-
vironmental Protection Agency (EPA) were considered. According to the simple model and
the simple modified model, by 2050, the landfill will emit 1.22 × 106 m3 and 1.37 × 106 m3,
demonstrating that important methane emissions will be released in the decades to come.
This information is important for the implementation of methane mitigation strategies, to
which Mexico has committed in the Global Methane Initiative.

Keywords: landfill gas; modeling; greenhouse gas; predictive model

1. Introduction
Currently, municipal solid waste (MSW) management represents a very complex

environmental issue to solve [1]. The world currently generates an average of 2010 million
tons per year of MSW, and it is estimated that this amount will increase to 3400 million
tons by the year 2050; then, an increase of 70% will occur in the next few years [2]. The
increase in MSW is the result of various factors, such as population growth [3], the economic
development of societies, and the urbanization of cities [4], in addition to changes in the
lifestyles of societies [5].

In the state of Oaxaca (Mexico), the generation of municipal solid waste has in-
creased substantially. Compared with that in 2008, the daily generation of MSW in
2013 was 0.337 tons per capita/year, which represents an increase of 7.78% [6]. Likewise,
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in the year 2020, a rate of 120,128 tons of MSW/day was estimated, 17,233 tons/day
more than that registered in 2012 [7]. In Mexico, according to the official Mexican
Norm NOM-083-SEMARNAT-2003, the final disposal sites (FDSs) are classified into three
types: landfills, controlled sites, and open dumps. The distribution of FDSs in Mexico is as
follows: 163 landfills (7.4%) and 2024 open dumps (92.6%) [8]. At the global scale, open
dumps and landfills are the main methods of solid waste disposal [2], which is a significant
environmental and public health problem. In Oaxaca, there are 385 FDSs, of which 7 are
equipped with scales, 14 with a system for the capture of biogas and leachate, 16 with a
geomembrane, 73 with perimeter fencing, and 270 without any type of infrastructure for
the management of solid waste [7].

The biogas generated in the landfill is a mix of gases, with an average composition
of 55–60% methane and 40–45% carbon dioxide generated by the decomposition of the
organic matter present in the waste under anaerobic conditions, and this process can be
affected by the type of waste, environmental conditions (such as temperature and moisture),
and the decomposition process [5,9]. Furthermore, the MSW sector is the third source that
emits the most anthropogenic CH4 emissions, as it generates 800 million tons of CO2eq per
year worldwide [10]. At the global scale, the solid waste sector contributes 20% of these
emissions. Among these gases, methane is known to have significant environmental and
health implications.

A study was conducted in a landfill in the province of Quebec, Canada [11]. The
optimization of gas generation was implemented by using a genetic algorithm to fit param-
eters in the generation of CH4 and H2S. A genetic algorithm is a method for solving both
constrained and unconstrained optimization problems and is based on natural selection
that imitates biological evolution [12]. To model the generation of CH4, biodegradable
organic waste was segregated into food waste, yard waste, paper, and wood. The potential
of generation (L0) and the decay rate were determined independently for different peri-
ods. The authors optimized the parameters L0 and k by applying a genetic algorithm in
14 scenarios. The results showed that the differentiation of more types of residues increased
the precision of the modeling of CH4.

The LandGEM and IPCC first-order models were used to study three disposal cells at
a landfill located in the mountainous region of Srinagar, India [13]. The cells of this landfill
were of different sizes, so different amounts of waste were received from each cell during
their years of operation. The opening and closing year of the landfill, the CH4 production
rate, the methane production potential, and the waste acceptance rate were considered.
The authors noted that the gas produced was highly acidic, with a high moisture content.
Additionally, gas emissions in the postclosure phase have fallen over 200 years.

In another work [14], the authors applied the LandGEM and IPCC models to estimate
the generation of methane in a landfill located in Phnom Penh, Cambodia. This study
evaluated the impact of fugitive methane emissions in four scenarios: simple pouring
(S1), upgrade gestion with leachate treatment (S2), landfill design with burning (S3), and
landfill design with energy recovery (S4). The results revealed that the landfill generated
approximately 18 to 21 Mkg/year of CH4. In [15], the authors analyzed experimental data
and applied the LandGEM model. The flow of gases over 2 years was monitored in three
landfills in the United States. The results revealed that the modeling slightly underestimated
the measured emissions. However, quantitative studies are difficult because even when
field measurements are uncertain, the experimental task is complex. Thompson et al. [16]
compared the results generated by five first-order decay models and the rate of recuperation
of methane. They employed the models EPER, TNO, Belgica, LandGEM, and Scholl
Canyon and reported that better predictions were granted by the LandGEM and Scholl
Canyon models.
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In [17], 10 mathematical models were compared. The Mexican model of biogas, the
TNO first-order model, the multiphase Afvalzorg model, the Eper French model, the Swana
model, the first-order modified model, the multiphase model, the LandGEM model, and
the Scholl Canyon model were tested. The results were compared with experimental
data measured over a period of 2 years from a landfill located in Jalisco, Mexico. The
multiphase Afvalzorg model and the Mexican model yielded better predictions, with
average errors between 15% and 16%. In the work of Cordova et al. [18], the authors
studied mathematical models to estimate the generation of biogas by two landfills located
in Argentina. The authors evaluated the LandGEM, Mexican, Chinese, IPCC, and AMS IIIG
models. According to the results, the IPCC more accurately represented the experimental
data, and the uncertainties were linked to site management factors.

The concentration of atmospheric methane is of concern, and mitigation strategies
are needed. In 1993, 1644.69 parts per billion (ppb) of methane were recorded, whereas in
2022, 1911.84 ppb were reported [19]. Methane is a powerful and short-lived greenhouse
gas with a lifetime of approximately one decade and a global warming potential approxi-
mately 80 times greater than that of carbon dioxide (CO2). CH4 is more potent than CO2

because the radiative forcing produced per molecule is greater, which is closely related to
climate change [20]. Owing to the poor management of biogas in landfills, many gases are
emitted into the atmosphere; nevertheless, the quantification of emissions is difficult since
it demands specialized technical aid and access to facilities, and in this way, important
economic resources should be considered. The estimation and prediction of data with
mathematical models is a powerful method to consider. To predict methane emissions
from landfills, first-order decay models can be used, and their application in landfills has
been proven [21–24]. These mathematical models are related to the degradation of organic
matter. Additionally, it allows the evaluation of different parameters, which consider the
interaction with the environmental conditions.

According to Nzotungicimpaye et al. [25], delaying methane mitigation to 2040 or
beyond increases the risk of breaching the 2 ◦C limit, with every 10-year delay resulting in
an additional peak warming of ~0.1 ◦C. In addition, methane has a significant impact on
human health because it is a gas that interferes with the formation of tropospheric ozone O3,
which is a pollutant that causes respiratory and cardiovascular problems and the premature
death of approximately one million people each year; thus, reducing its presence in the
atmosphere is crucial [26].

In 2004, Mexico joined the Global Methane Initiative [27], committing to reduce
methane emissions from five main sources: agriculture, mines, waste, wastewater, and
oil and gas [28]. To mitigate and establish strategies to reduce methane from solid waste,
methodologies that allow quantification of the emission of this gas must be applied. In
Mexico, few studies have aimed to quantify methane emissions from solid waste. The
application of mathematical models is a powerful prediction tool with which strategies for
methane mitigation can be implemented.

Very few studies have been conducted in Oaxaca city. In 2019, Escamilla et al. [29]
applied only the LandGEM model to evaluate the potential uses in the energy sector of
methane for the metropolitan zone of Oaxaca, Mexico. The parameters k and L0 were
established by considering the waste composition and the precipitation data. The model
revealed a rate of emission of 82.02 m3/min, and the potential for energy generation
resulted in 32,396 million KW h/year. In this work, for the first time, five first-order
decay models were studied to quantify the methane emissions of a landfill in Oaxaca city,
Mexico. The Bouguer anomalies were also analyzed to estimate the volume of solid waste
in the landfill.
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2. Materials and Methods
2.1. Study Area

The landfill is in the metropolitan area of Oaxaca de Juárez, Oaxaca, Mexico (Figure 1).
Until 2022, this site was the main landfill operating for 24 municipalities since operations
were stopped in the landfill due to social conflict. The landfill is a controlled site with an
arrangement in confinement cells, so it has infrastructure for the collection and treatment
of leachate. On site, the waste is compacted and covered by tractors and backhoe loaders.
The area of the landfill is approximately 17.08 hectares [30].
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Figure 1. Map of the study area: Zaachila’s landfill.

2.2. Climatology

The temperature and precipitation data for Mexico were obtained from the climate
change knowledge portal of the World Bank [31], and the same data series were obtained for
the city of Oaxaca (Figure 2) from the weather station 20,022 (Coyotepec), which is located
in San Bartolo Coyotepec, 5 km from the landfill [32]. The average annual temperature for
the period from 1980 to 2010 was 20 ◦C, and the average annual precipitation (aap) was
484.8 mm. This information is necessary to calculate the constant rate of generation of CH4

(k) and the potential of generation L0 for mathematical models. In general, an important
presence of precipitation is observed during the summer (an average value of 102.1 mm for
June, July, and August) for the same period.

2.3. Population and Generation of Waste in the City of Oaxaca

Data on population growth and the generation of waste per day were obtained from
the National Institute of Statistics and Geography [33] and the Organization for Cooperation
and Economic Development [34]. The INEGI publishes data from the population census
every 5 years for the period from 1990 to 2020, so interpolation was carried out to describe
the yearly data. The available data for the generation of solid waste (Ton/year) correspond
to the period from 1991 to 2012, whereby an extrapolation for the period from 2012 to 2021
was carried out via the FORECAST function in Excel. In 1991, 52,554.72 tons/year were
reported, and in 2022, 108,202 tons/year were estimated (Figure 3).
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Figure 2. (a) monthly climatology. Average minimum, mean, and maximum surface air temperature
and precipitation for the period 1991–2022 in Mexico [31] and (b) monthly climatology. Average
minimum, mean, and maximum surface air temperature and precipitation from 1980 to 2010; Weather
Station 20,022 [32].
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Figure 3. Population growth and generation of RSU ton/year in the city of Oaxaca in Juárez from
1991 to 2030.

Waste generation data are trended data series. This information is essential for predict-
ing methane generation. An autoregressive integrative moving average model (ARIMA)
was used to model these data. The ARIMA model is a statistical model with three param-
eters (p, d, and q) that is used to analyze time series. ARIMA models are used to make
predictions while considering past data. An ARIMA model is structured with 3 parameters:
p is the lag order; d is the degree of differencing; and q is the order of the moving av-
erage. The ARIMA model has the capacity to capture the patterns that exist in waste
generation with respect to time. Importantly, ARIMA captures seasonality, trends, and
remaining patterns.

According to [35], an ARIMA model can be defined as follows:
If d is a nonnegative integer, then {Xt} is an ARIMA (p, d, q) process if Yt: = (1 − B

dXt is a causal ARMA (p, q) process.
This definition means that {Xt} satisfies a difference equation of the form:

∅∗(B)Xt ≡ ∅(B)(1 − B)dXt = θ(B)Zt, {Zt} ∼ WN
(

0,σ2
)

, (1)
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where ∅(z) and θ(z) are polynomials of degrees p and q, respectively, and θ(z) ̸= 0 for
|z| ≤ 1. The polynomial ∅∗(z) is of zero order at z = 1.

To analyze the waste generation data series, it is necessary to verify if a series is
stationary; otherwise, the data must be differentiated. A systematic approach for testing
the presence of a unit root of the autoregressive polynomial is possible by using the Dickey-
Fuller test. This approach was proposed by [36,37] and is a single root test that statistically
detects the presence of stochastic trend behavior in the time series of the variables by means
of a hypothesis test.

According to [35], to verify the presence of a unit root, we can define it as follows:
Let X1, . . ., Xn be observations from the AR (1) model.

Xt − µ = ∅1(Xt−1 − µ) + Zt , {Zt} ∼ WN
(

0,σ2
)

(2)

where |∅1| < 1 and µ = EXt. For large values of n, the maximum likelihood estimator

∅̂1 of ∅1 is approximately N

(
∅1,

(
1 − ∅2

1

)
/n

)
. For the unit root case, this normal approx-

imation is no longer applicable, even asymptotically. This precludes its use for testing the
unit root hypothesis H0 : ∅1 = 1 vs. H1 : ∅1 < 1. To construct a test of H0, the model is
written as

∇Xt = Xt − Xt−1 = ∅∗
0 + ∅∗

1Xt−1 + Zt,{Zt} ∼ WN
(

0,σ2
)

,

where ∅∗
0 = µ(1 − ∅1) and ∅∗

1 = ∅1 − 1. Now, let ∅̂
∗
1 be the ordinary least squares (OLS)

estimator of ∅∗
1 found by regressing ∇Xt on 1 and Xt−1. The estimated standard error of

∅̂
∗
1 is shown in Equation (3):

ŜE
(

∅̂
∗
1

)
= S

(
n

∑
t=2

(
Xt−1 − X

)2
)−

1/2
(3)

The Dickey-Fuller test was implemented to analyze the waste generation data. The
null hypothesis of the test states the existence of a unit root. The test statistic is compared
with the corresponding critical value.

2.4. Volume of Waste

The volume of solid waste was estimated by using gravimetric measurements.
Gravimetry is based on the study of subsurface properties by measuring and analyz-
ing the gravity field at the Earth’s surface. This field is affected by the mass distributions
and discontinuities of the subsurface, which are characterized by density [38]. Gravimetric
anomalies are generated by variations in the density of various materials. These anomalies
can be analyzed to identify deposits and subsurface structures and to estimate the volume
of waste disposed of at the landfill.

Gravimetric measurements were performed on the mass of waste in the landfill. A
Lacoste & Romberg G-247 gravimeter with a resolution of 10 µGa was used [39], with an
average spacing between stations of 272 m. A total of 188 gravimetry data points measured
at the height of the waste mass were used to implement spatial corrections for latitude, free
air, and mass. The methodology proposed by [38] was used. The following equation was
used to estimate the simple Bouguer anomaly:

gSBA = gobs − gθ + ghθ − gm (4)

where
gSBA = Simple Bouguer gravity anomaly (mGal).
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gobs = Observed gravity (mGal).
gθ = Correction for latitude (mGal).
ghθ = Height correction or free air (mGal).
gm = Bouguer correction (mGal).
The residual Bouguer anomaly was then calculated using Equation (5):

Ar = A − AR (5)

where
Ar = Residual anomaly (mGal).
A = Gravity anomaly resulting from the reduction in observed gravity data (mGal).
AR = Regional anomaly (mGal).
The Bouguer anomaly consists of the elimination of regional effects by large-scale

geological structures. A first-order polynomial adjustment was used. From this difference,
the residual Bouguer anomaly map was generated, and 6 profiles were plotted (Figure 4). A
geological–geophysical model was used, which is a conceptual representation of geological
data such as the stratigraphy and lithology of the area under study. The thicknesses and
densities of the materials were considered according to geological chart E14-12 Zaachila
Oaxaca [40]. According to this model, there is a shale–sandstone sedimentary rock layer
and a metamorphic layer called gneiss (Table 1).
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Table 1. Material thicknesses and densities.

Approximate
Thickness (m) Density (gr/cm3) Reference

SDF Zaachila Compacted mixed waste 6–64 0.445 [41]

Sedimentary Sandstones–shales 15–78 2.1 [38]

Metamorphic Gneiss 250 2.7 [38]

For modeling, the method proposed by [42–44] was implemented. With this method,
irregular bodies can be represented by means of a polygonal section geometry.
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With the information from the depth profiles along the Z axis, a thickness map was
obtained. A meshing of 5 m × 5 m was used across the study area. Equation (6) was used
to calculate the mass of waste deposited in the landfill.

M = ρ ∗ V (6)

where
M = Mass (kg).
ρ = Density (kg/m3).
V = Volume (m3).

2.5. Composition of Solid Waste

The composition of the MSW refers to the percentage of each subproduct that conforms
to the total mass of the waste. The fraction of organic waste was 53%, and that of inorganic
waste was 47% (Table 2); the composition was reported previously [6]. According to a
study by the government of the state of Oaxaca, information is available on the percentages
of each byproduct. Therefore, the amount of organic waste that influences the generation
of methane can be determined. To group the percentages of organic waste, the IPCC
guidelines were consulted [45].

Table 2. Composition of solid waste.

Classification of Waste Percentage (%)

Organic

Food waste 32.0

Landscaping waste 10.2

Paper 4.0

Rag 3.5

Cardboard 2.1

Cotton 1.0

Wood 0.1

Inorganic

Disposable diapers 11.4

Fine residue 9.5

Others 9.2

Plastic 8.8

Glass 3.4

Rubber 1.6

Tetrapack 1.1

Cans 0.8

Earthenware and ceramics 0.4

Leather 0.2

Iron 0.2

Synthetic fibers 0.2

Aluminum 0.1

2.6. Mathematical Models for Methane Emissions

The generation of biogas can be calculated using mathematical models according to the
order of the reaction for decomposition of the organic matter [46]. These models of decay
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or decomposition can be classified into zero-order models, first-order models, second-order
models, multiphase models, or a combination of orders. In this work, we are interested in
applying first-order decay models, mainly due to data accessibility. Additionally, we choose
3 monophasic models and 2 multiphasic models to corroborate their predictive capacity.
Increasing the order of the equation will require more parameters, which are difficult to
measure at the site, and the complexity increases. The IPCC and LANDGEM models
were included in this work; since they are the most applied methods, they are models of
reference. On the other hand, first-order decay (FOD) models are based on two critical
parameters: the methane generation potential (L0), which depends on waste composition
and its degradable organic content, and the CH4 generation rate constant (k), which
depends on waste composition, annual precipitation, and ambient temperature [47,48].
Data availability is crucial to implement the models; in this way, the proposed models can
be solved for Zaachila’s landfill. The equations are described in Table 3.

Table 3. First-order decay models.

Model Equation Index of Symbols

Simple of
first order

G = WL0ke−k(t−ti)

(1)
[23]

G = Generation of methane (m3/year)
W = Mass of waste (Tons)
L0 = Potential of generation of methane (m3/Ton)
t = Time after waste placement (years)
ti = Lag time (between placement and the start of
generation
k = First-order rate constant (year−1)

Simple of
first order
modified

G = WL0
k + s

s

[
1 − e−s(t−ti)

][
ke−k(t−ti)

]
(2)
[23]

G = Generation of methane (m3/year)
W = Mass of waste (Tons)
L0 = Potential of generation of methane (m3/Ton)
t = Time after waste placement (years)
ti = Lag time (between placement and the start of
generation
k = First-order rate constant (year−1)
s = Constant of the phase of first order

Multiphase
model

G = WLo

[
Fr

(
kre−kr(t−ti)

)
+
[
Fs

(
ksekr(t−ti)

)]]
(3)
[23]

kr = Constant of decomposition of first order for
rapidly decomposable waste
ks = Constant of decomposition of first order for
slowly decomposable waste
Fr = Fraction of rapidly decomposable waste
Fs = Fraction of slowly decomposable waste

LandGEM
QCH4

=
n

∑
i=1

1

∑
j=0.1

kL0

(
Mi
10

)
e−ktij

(4)
[49]

QCH4 = Annual methane generation in the year of
calculation (m3/year)
n = (Year of the calculation)—(initial year of waste
acceptance)
i = 1 year time increment
j = 0.1-year time increment
k = Methane generation rate (year−1)
L0 = Potential methane generation capacity (m3/Mg)
Mi = Mass of waste accepted in the ith year (Mg)
tij = Age of the jth section of waste mass accepted in
the ith year (decimal of year)
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Table 3. Cont.

Model Equation Index of Symbols

IPCC

CH4Emissions =

[
∑
x

CH4generatedx,T
− RT

]
∗ (1 − OXT)

(4)

QCH4 generated T = DDOCm decomp(T).F ×
(

16
12

)
(5)

DOCm decomp(T) = DDOCma(T−1) ×
(

1 − e−k
)

(6)

DDOCma(T) = DDOCmd(T) +
(

DDOCma(T−1) × e−k
)

(7)

DDOCm = W × DOC × DOCf × MFC

(8)
[45]

CH4 Emissions = CH4 emitted in the year T, Gg
T = Inventory year
X = Waste category or type/material
RT = Recovered CH4 in year T, Gg
OXT = Oxidation factor in year T (fraction)
F = Fraction of CH4, by volume, in generated landfill
gas (fraction)
16/12 = Ratio of molecular weight of CH4/C
DDOCma(T) = DDOCm accumulated at the end of
year T, Gg
DDOCma(T-1) = DDOCm accumulated at the end of
year (T-1), Gg
DDOCmd(T) = DDOCm deposited in year T, Gg
DDOCm decompT = DDOCm decomposed in the
SWDS in year T, Gg
k = Reaction constant (year—1)
DDOCm = Total mass of degradable organic carbon
(DDOC) in the year T
W = Mass of waste deposited (Gg)
DOC = Degradable organic carbon in the year of
deposition, fraction, Gg C/Gg waste
DOCf = Fraction of DOC that can decompose
(fraction)
MFC = CH4 correction factor for aerobic
decomposition in the year of deposition (fraction)

2.7. Input Parameters of the Models

k and L0 were calculated as functions of the specific conditions of the site, that is,
by considering the average ambient conditions in the geographic zone and the waste
composition. The value of k refers to the rate of degradation of the waste, and it can
be affected by different variables, such as the pH, temperature, size of the particles, and
moisture content [50]. Each component of the solid waste degrades at a different rate.
The values of k reported in the literature range from 0.01 to 0.21 year−1 [46] and can be
calculated by the following equation:

k = 3.2 × 10−5(x) + 0.01 (7)

where x = average annual precipitation (mm).
Annual precipitation is often used as a substitute for moisture in waste because of the

lack of information about the moisture conditions inside a landfill [49]. This parameter
considers the average annual precipitation of the station nearest to the landfill, which is
484.8 mm/year.

The value of the potential generation of methane (L0) is a function of the nature of the
waste. Each component of the waste has a different degradation time since the content of
organic carbon degradable (DOC) is different. According to the EPA (2008), the values of
L0 vary from 6 to 270 m3/Mg, and a predetermined value of 100 m3/Mg data was obtained
from experimental studies in 40 landfills [51].

In our work, the value of L0 was estimated according to the directives of the IPCC
(Intergovernmental Panel on Climate Change) using the following equation [45]:

L0 = DOC × DOCF × F × 16
12

× MCF (8)

where
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DOC: Degradable organic carbon.
DOCF = Fraction of the DOC that can degrade (%).
F = Fraction of methane generated in biogas (%).
16/12: Ratio of the molecular weight CH4/C.
MCF: Methane correction factor.

2.7.1. Degradable Organic Carbon (DOC)

This corresponds to the organic carbon that degrades under anaerobic conditions in
landfills. It is based on the composition of the waste and was estimated with the equation
proposed by the IPCC [52].

DOC = 0.4A + 0.17B + 0.15C + 0.03 D (9)

where
A: The fraction of MSW that corresponds to paper and textile waste.
B: The fraction of MSW that corresponds to garden and park waste.
C: The fraction of MSW that corresponds to food waste.
D: The fraction of MSW that corresponds to wood or straw.
The fraction of degradable organic carbon DOCf
The guidelines of the IPCC propose a standard value of 0.77. This parameter was

estimated by considering the temperature of the anaerobic zone of the site, which is
related to the reactions of degradation by microbial activity. The IPCC model proposes
a temperature of 35 ◦C since it considers that the temperature in the anaerobic zone of
landfills remains constant. Additionally, this fraction can be calculated from the following
equation [53]:

DOC f = 0.014T + 0.28 (10)

where T = temperature in the anaerobic zone of the site (◦C).

2.7.2. Fraction of CH4 in Biogas

According to the guidelines of the IPCC, the fraction of methane in biogas is 50%, and
the other 50% corresponds to CO2. Therefore, this fraction is 0.5.

2.7.3. Ratio of Molecular Weight

This refers to the ratio of the molecular weight of methane (CH4 = 16) and the molecular
weight of the carbon (C = 12; 16/12), which is used to convert carbon to methane.

2.7.4. Methane Correction Factor (MCF)

This factor is related to the conditions of operation of the site. For the studied site,
mechanical compaction is usually conducted, and a value of 1.0 is considered (Table 4).

Assumptions of the models:
Solid waste corresponds to municipal solid waste.
The site works under anaerobic conditions.
The waste composition remained constant throughout the study period.

Table 4. Methane correction factor (MCF).

Type of Site Default Values of MCF

Managed—anaerobic 1.0

Managed—semiaerobic 0.5

Not managed—deep (>5 m of waste and/or high-water table) 0.8
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Table 4. Cont.

Type of Site Default Values of MCF

Not managed—shallow (<5 m of waste) 0.4

No category 0.6

3. Results
3.1. Volume of Waste

According to [54], the gravimetric method can be used to investigate the internal
structure of a landfill. Figure 4 shows the values of the residual Bouguer anomaly and the
calculated profiles. The Bouguer anomaly is the gravity anomaly and corresponds to the
difference between the observed and theoretical gravity at an observation site. Profiles A,
B, and C have a west-to-east orientation and lengths of 0.64, 0.57, and 0.51 km, respectively.
Profiles D, E, and F have north-south orientations and lengths of 0.28, 0.30, and 0.43 km,
respectively. The residual anomalies vary from −1.96 to 2.64 mGals. Low gravimetric
values are found in the central part of the landfill (shades in purple), indicating that a mass
deficiency exists in that area. Gravimetric highs represent an excess mass.

Figure 5 shows the depth map (z), which has a minimum value of 4 m and a maximum
value of 53 m (average of 28 m). This information coincides with the data published in [30],
which used vertical electrical soundings. These authors mention that thicknesses range
from 6 to 64 m, which coincides with our information obtained by gravimetry. The greatest
depths are observed in the central part of the site and are represented by blue shading,
which coincides with the values where the residual anomaly map shows gravimetric lows,
indicating that these depths are associated with greater waste deposits.
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The calculation of the volume was performed from the calculated depths, values that
were multiplied by the area of each cell in the grid (25 m2). The total calculated volume
was 5,500,593.0 m3, with a mass of 2,451,504.2 tons.

3.2. Parameters k and L0

In this work, we calculated k = 0.026 year−1 by applying Equation (16), which con-
siders the average annual precipitation, whereas the EPA propose a standard value of
0.02 year−1 [49]. Escamilla et al. [29] suggested a value of k = 0.04 year−1 for the same re-
gion. The climatic conditions affect the values for this parameter [55]. The variability of the
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value of k depends mainly on the average annual precipitation, which varies significantly
across regions [48]. For this reason, it is important to use data from weather stations near
the landfills.

For L0, a value of 106 m3/Mg was calculated by following the IPCC methodology with
Equations (17) and (18). The calculated values are shown in Table 5. The EPA proposed a
standard value of 100 m3/Mg [49], and [29] proposed a value of 90.71 m3/Mg. It is well
known that the value of L0 is affected by the percentage of waste [55]. The value calculated
in the present work is within the range suggested by the EPA (6–270 m3/Mg). For Latin
America, the following values have been proposed: 69–200 m3/Mg for Colombia; 70, 96,
and 200 m3/Mg for Costa Rica; 71, 89, and 198 m3/Mg for Guatemala; and 69–202 m3/Mg
for Mexico [56].

Table 5. Data to calculate L0.

Data Values

Degradable organic carbon (DOC) 0.129

Fraction of degradable organic carbon DOCf 0.77

Fraction of CH4 in biogas 0.5

Ratio of molecular weight 1.33

Methane correction factor (MFC) 1

Density of methane at constant temperature 0.627 kg/m3

3.3. Modeling Solid Waste Generation

The critical values of the Dickey-Fuller test showed a coefficient of −0.99, a standard
error of 0.13, and a t statistic of −7.70. The critical values for 1% without trend = −3.43,
and with trend = −3.96, and for 5%, the values were −2.86 and −3.41, respectively. The
value of tau (−7.7017) was lower than the Dickey-Fuller critical value (for both with and
without a trend), thus affirming the existence of a unit root.

Figure 6 shows the results of the prediction of the generation of residuals from the
ARIMA model. The fact that the model considers data from the past allows us to describe
the perturbations that may occur in the temporal information. In approximately 1995, an
increase in waste generation was reported, which was correctly described by the model.
During the period 2000–2020, an increase of approximately 27,000 tons of waste was ob-
served, and by 2030, a generation of 120,000 tons/year was predicted. This waste generation
is important for the estimation of methane generation. This model represents an accurate
description of the time-series data and is considered for the calculation of emissions.
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The ARIMA model is represented by the following equation:

Y = 8926.0716 + (0.922545·Yt−1) + 49.1676 + (−0.072215·error) (tons)

We observed good predictive ability of the model by considering the range of values
of waste generation. Additionally, (Figure 6) presents the values of the error.

3.4. Modeling the Generation of Methane

Figure 7 shows the volume of generation of CH4 by the five proposed models. The
behavior of the curves reveals the generation of methane and its subsequent decay. A
maximum of generation was observed, and then a decay occurred in several decades. The
importance of calculating these emissions is related to the difficulty of experimentally
measuring the generation of gases in landfills.

Waste 2025, 3, x FOR PEER REVIEW 14 of 20 
 

 

 

Figure 7. Estimated CH4 emissions via the five first-order decay models. The point X corresponds 
to the flow measurement. 

According to this information, 7.14 × 106 m3 of biogas was emitted in 2020 (at 1 atm 
and an average ambient temperature of 20 °C), of which 49.5% corresponded to methane, 
i.e., 3.53 × 106 m3. These data allowed us to calculate the relative error (Table 6) for each 
model. The simple and modified simple models presented the lowest errors (1% and 6.3%, 
respectively). 

Table 6. Relative errors for the models. 

Model m3/Year of CH4 in Year 
2020 

Relative Error (%) 

Simple of first order 3.50 × 106 1.0
Simple of first order modified 3.76 × 106 6.3
Multiphase model 3.09 × 106 12.6
LandGEM 4.97 × 106 40.7
IPCC 3.19 × 106 9.7
Flow measurement (experimental) 3.53 × 106 -

A comparison of the results revealed that the models with greater accuracy were the 
simple model and the modified simple model. These results coincide with those reported 
by [57], who reported that, compared with multiphase models, single-phase models effec-
tively predict methane generation. Importantly, the multiphase model and IPCC consider 
different methane generation rates (k) for different waste categories, with underestimated 
results compared with the flux measurement in 2020 (Figure 7). 

On the one hand, the multiphase model involves two processes that affect the equa-
tion: slow and fast degradation mechanisms, and on the other hand, the IPCC model con-
siders methane generation rates (k) for each waste category. These effects can explain the 
deviation of the calculated results from the measured values. According to [57,58], models 
such as LandGEM may not be able to predict methane generation from landfills with het-
erogeneous wastes. This would explain the pronounced deviation of the LandGEM model 
in Figure 7, which also agrees with the work of Da Silva et al. [24]. 

Since the LandGEM model was the one that showed the greatest error, we proceeded 
to revise its parameters. In Figure 8, the k and Lo parameters were calculated according 
to the climatology and available information of composition for this landfill. A second 
calculation was conducted by considering the standard values suggested by the EPA 
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The difficulty in validating landfill methane generation models is also related to the
limited experimental data. Figure 7 also shows one experimental value obtained in the
landfill by the company “Sistemas de Ingeniería y Control Ambiental S.A. de C.V”. Flow
sampling was performed at the heads of the biogas extraction wells. In 2020, this company
measured the biogas flow in the headers of the extraction system. The behavior of the
curves is consistent with the waste decomposition process, and overall, the five models
correctly represent the methane generation process linked to waste decomposition.

According to this information, 7.14 × 106 m3 of biogas was emitted in 2020 (at
1 atm and an average ambient temperature of 20 ◦C), of which 49.5% corresponded to
methane, i.e., 3.53 × 106 m3. These data allowed us to calculate the relative error (Table 6)
for each model. The simple and modified simple models presented the lowest errors
(1% and 6.3%, respectively).

A comparison of the results revealed that the models with greater accuracy were
the simple model and the modified simple model. These results coincide with those
reported by [57], who reported that, compared with multiphase models, single-phase
models effectively predict methane generation. Importantly, the multiphase model and
IPCC consider different methane generation rates (k) for different waste categories, with
underestimated results compared with the flux measurement in 2020 (Figure 7).
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Table 6. Relative errors for the models.

Model m3/Year of CH4 in Year 2020 Relative Error (%)

Simple of first order 3.50 × 106 1.0

Simple of first order modified 3.76 × 106 6.3

Multiphase model 3.09 × 106 12.6

LandGEM 4.97 × 106 40.7

IPCC 3.19 × 106 9.7

Flow measurement (experimental) 3.53 × 106 -

On the one hand, the multiphase model involves two processes that affect the equation:
slow and fast degradation mechanisms, and on the other hand, the IPCC model considers
methane generation rates (k) for each waste category. These effects can explain the deviation
of the calculated results from the measured values. According to [57,58], models such as
LandGEM may not be able to predict methane generation from landfills with heterogeneous
wastes. This would explain the pronounced deviation of the LandGEM model in Figure 7,
which also agrees with the work of Da Silva et al. [24].

Since the LandGEM model was the one that showed the greatest error, we proceeded
to revise its parameters. In Figure 8, the k and Lo parameters were calculated according
to the climatology and available information of composition for this landfill. A second
calculation was conducted by considering the standard values suggested by the EPA [46,51].
The EPA proposed values of k = 0.02 and L0 = 100 m3/Mg, so these values were considered
in a second calculation. Figure 8 shows a new estimation for the LandGEM model, and we
observe that the prediction was improved since the relative error was reduced to 9.6%.
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All the models estimate important methane emissions for the next 30 years. In the case
of the simple and modified simple models, for the year 2050, emissions of 1.22 × 106 m3

and 1.37 × 106 m3 of methane are estimated. Importantly, this volume can be affected by
environmental conditions and biological activity in landfills in the next few years [16,59].
In [60], the authors affirm that the stabilization of emissions depended on several factors;
however, the authors suggested that these periods can vary in the range of 10, 15, and up to
30 years. These authors reported that emissions depend on the climatic area; for example,
for humid areas, periods vary from 2 to 5 years, and for dry areas, periods vary from 10 to
25 years. Similarly, according to [61], the duration and composition of biogas in a landfill
depend on the stage of decomposition.
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It is important to note the numerical difference between the models. Figure 7 shows
the differences in the quantities calculated by each model. This fact has also been observed
in different studies [15,24], which reveal the difficulty of accurately predicting such gaseous
emissions. On the one hand, the estimation of emissions in landfills is very difficult because
of the complexity of the variables and mechanisms that affect these processes. On the other
hand, large amounts of experimental data and several years of experimental monitoring
are needed to validate the models. For example, in the work of [18], the authors applied
five prediction models for biogas generation in two landfills in Argentina. The studied
models were the LandGEM, IPCC, AMS, and Mexican models and the model for China.
The authors mention that the LandGEM model gave better results, but they compared
only three experimental measurements, which corresponded to the years 2006, 2007, and
2008. The models revealed significant differences, with biogas rates of up to 8000 m3/h.
The differences are linked to the uncertainty of the main model parameters, such as waste
characterization, and the site management factor. Likewise, leachate management and
compaction techniques can affect the results, as well as the characterization of waste and
the quantities discharged per day. These aspects cause deficiencies in external sealing,
resulting in the presence of fugitive emissions or aerobic processes. In addition, failure in
compaction and sealing procedures can affect the aerobic processes produced during the
waste decomposition stage. One way to improve model prediction would be to ensure
adequate compaction levels, maintain periodic coverage, and control potential fugitive
emissions; nevertheless, extensive experimental monitoring is needed.

4. Conclusions
The analysis and processing of gravimetric anomalies allowed for the identification of

variations in the waste deposits in the landfill, which determined areas of greater accumu-
lation of solid waste. The usefulness of this method in the characterization of landfills is
highlighted since it allows us to estimate the volume and mass of accumulated waste.

The implementation of the ARIMA model was useful for obtaining a time series of
solid waste generation data. These data are among the input data for the application
of first-order decay models. The prediction obtained with the application of first-order
models for methane generation should be validated in the future. The five models exhibited
decay behavior over time, considering that waste was no longer disposed of due to closure.
However, quantitative differences between the models were identified because of the
complex nature of the phenomena involved. In this research, the simple model and
modified model yielded values close to the 2020 measurement values.

Moreover, with methane emission prediction models, long-term environmental im-
pacts can be measured since, even though a decade has passed since the last disposal of
waste in the landfill, it continues to emit large amounts of methane, which demonstrates the
continued contribution of this site to environmental liability. The projections obtained for
the year 2050 underscore the need to implement technologies to reduce methane emissions
or their feasibility of use.

The development of predictive models faces challenges in modeling and monitoring
because of the interaction of multiple factors, such as soil permeability, leachate man-
agement, and fugitive emissions. Our study reveals the importance of combining the
application of mathematical models with practical strategies such as impermeable covers
and biogas capture systems in landfills. To address the limitations and validation of model
prediction, we identified the importance of further investment in instrumentation for long-
term monitoring and experimental studies in Oaxaca city. This manuscript reveals relevant
information for planning methane mitigation strategies. The latter is critical since Mexico
joined the Global Methane Initiative in 2004.
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