
Environmental Science
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 3
/8

/2
02

6 
1:

15
:1

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Quantification an
aDepartment of Geography and Environ

Engineering and Agriculture, University of V
bClimatology Research Group, Unit of Enviro

West University, Potchefstroom, 2531, South
cDepartment of Earth Sciences, Faculty o

University of Venda, Thohoyandou, 0950, S

† Electronic supplementary informa
https://doi.org/10.1039/d4va00302k

Cite this: Environ. Sci.: Adv., 2025, 4,
648

Received 2nd August 2024
Accepted 28th December 2024

DOI: 10.1039/d4va00302k

rsc.li/esadvances

648 | Environ. Sci.: Adv., 2025, 4, 64
d modelling of methane and
carbon dioxide surface emissions from a South
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Landfill gas (LFG) emissions, primarily CH4 and CO2, result from decomposing organic waste in landfills.

South Africa faces challenges in managing LFG emissions and effectively handling landfill sites. For this

study, a static flux chamber was used to sample CH4 and CO2 emissions. The study showed that CH4

emissions in the capped area had a concentration of 360 819.80 mg m−3, with an average emission rate

of 433.00 g per m2 per day, resulting in 6363.43 Mg per year during the wet season. The active area was

observed to have emitted the highest CH4 concentration (419 863 mg m−3) when compared to other

areas of the landfill. The lowest CH4 concentration (45 922.52 mg m−3) was emitted from the virgin area.

From the virgin area, an average emission rate of 55.11 g per m2 per day, resulting in 605.72 Mg per year,

was recorded. Similar results based on the sample area variations were also observed during the dry

season. Specifically, the active and capped sample area experienced higher CH4 emissions than the

leachate and virgin sample areas. Furthermore, it was observed that the concentrations and emission

rates of LFGs emitted during the dry season were lower when compared to the wet season. Similarly, the

concentration of CO2 emissions was higher during the wet season than during the dry season. Enhanced

control methods are recommended to improve LFG management practices, especially during the wet

season when emissions are higher. Highlighting seasonal variability in emissions underscores the need

for targeted strategies to mitigate environmental and health risks. Quantifying LFG emissions from the

Thohoyandou landfill in this study sheds light on the environmental and health risks involved. The data

presented are crucial for improving landfill management practices in South Africa and for validating the

LandGEM model with field-measured and laboratory-analyzed data.
Environmental signicance

This study elucidates the substantial emission of methane (CH4) and carbon dioxide (CO2) from the Thohoyandou landll, underscoring the environmental and
health hazards associated with landll gas (LFG) emissions in South Africa. Through the measurement of CH4 and CO2 emissions in various landll zones and
seasons, our results emphasize the necessity for enhanced landll control methods. The increased emissions during the rainy season suggest seasonal uc-
tuations in LFG emissions, which are crucial for devising effective mitigation plans. This study offers essential data for validating the LandGEM model using
real-time data, aiding in themore efficient and knowledgeablemanagement of landll sites tominimize environmental consequences and protect public health.
1. Introduction

Landlls are signicant sources of GHG emissions, primarily
due to the decomposition of organic waste. LFG is primarily
composed of CH4, CO2, and other pollutants.1 CH4, a potent
GHG, has over 25 times the warming potential of CO2 over
mental Sciences, Faculty of Science,

enda, Thohoyandou, 0950, South Africa

nmental Science and Management, North-

Africa

f Science, Engineering and Agriculture,

outh Africa

tion (ESI) available. See DOI:

8–662
a century.2 Proper waste management, including recycling and
reducing organic waste in landlls, can reduce LFG emissions.3

CO2, though less potent in the short term, is still a signicant
contributor to GHG emissions from landlls, gradually accu-
mulating in the atmosphere.4 Landlls pose health and envi-
ronmental risks, including litter, dust, rodent infestations, and
res.5–7 Uncontrolled LFGmigration can lead to res, impacting
nearby communities.8,9 Several recent landll res have
occurred in South Africa.10,11 This has led researchers and
various stakeholders worldwide to conduct studies to quantify
LFG emissions.12–14 This is to address and mitigate the envi-
ronmental and public health challenges associated with land-
lls. Monitoring and quantication of surface LFG emissions
are crucial for environmental protection and require the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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attention of scientists and policymakers to develop effective
strategies for reduction.

The Thohoyandou landll presents a signicant environ-
mental and public health concern and currently lacks an LFG
monitoring system. Establishing such a system to monitor and
quantify LFG emissions at this landll is critical for effective
environmental protection in the South African context. The
specic data collected through this monitoring will play
a pivotal role in shaping policies and strategies for landll
management, LFG control, and waste management practices.
This, in turn, becomes a crucial step toward mitigating the
adverse impacts of landlls on both the environment and the
well-being of humans, especially those residing or working in
Thohoyandou city.

Recent advancements in LFG research have led to diverse
methodologies for quantifying and managing these emissions.
These approaches range from experimental techniques to
numerical modeling, each contributing to a better understanding
of landll gas dynamics.15 Gallego et al.15 employed an inverse
methodology to determine emission factors by analyzing
ambient air concentrations of VOCs, H2S, and NH3 at various
landll sites. This involved using multi-sorbent beds and passive
samplers, revealing signicant emission proles that are crucial
for effective landll management. Stadler et al.16 focused on
quantifying methane emissions using static chamber techniques
and tracer methods. Their ndings indicated that landll
surfaces could act as methane sinks, while gas vents exhibited
substantial emissions, highlighting the need for improved
infrastructure to mitigate these emissions.

Datta et al.17 reviewed advancements in landll gas recovery,
integrating numerical and biochemical methods to enhance gas
efficiency and safety. This approach aims to address the chal-
lenges of harmful gas management while promoting landll gas
as a renewable energy source. Khaleghi et al.18 utilized truck-
based measurements and Lagrangian modeling to identify
methane hotspots across Canadian landlls. Their compre-
hensive approach provided valuable data for regulatory
improvements in the waste sector. While these methodologies
show promise in managing landll gas emissions, challenges
remain, particularly in the adoption of advanced technologies
and the need for consistent regulatory frameworks to support
these innovations.

Furthermore, to quantify the LFG emissions in this study,
a static ux chamber has been widely used and validated by
several scholars.19–21 This ux chamber involves using a closed
chamber, typically cylindrical or square-shaped and imperme-
able to the gas being measured, placed over the landll surface.
The chamber is sealed to prevent gas exchange with the
surrounding atmosphere, creating a closed system. Gas
concentrations inside the chamber are monitored over time to
calculate the gas ux.21 This static ux was employed to assess
CH4 and CO2 emissions from the Thohoyandou landll, fol-
lowed by analysis using a thermal desorption-gas chromatog-
raphy/mass spectrometry (TD-GC/MS) system. While previous
research has contributed valuable insights into the LFG emis-
sions across developed nations, there is still a signicant need
for further studies on quantifying LFG emissions from South
© 2025 The Author(s). Published by the Royal Society of Chemistry
African landlls, with a specic focus on the Thohoyandou
landll as a case study. There are limited data on the surface
emission of LFGs from landlls in South Africa. This study aims
to quantify the LFG uxes from the Thohoyandou landll site,
building upon the earlier research conducted by Njoku et al.22

Njoku et al.22 utilised specically the LandGEM and Afvalzorg
models to estimate CH4 and CO2 emissions from the Tho-
hoyandou landll site. Using standard parameters from the
literature for LFG emissions can be misleading due to local
factors like climate and waste management practices. Deter-
mining site-specic LFG emissions should be considered to
improve model accuracy. Site-specic data are crucial for reli-
able LFG emission modelling. In this study, the comparison of
the result using the ux chamber and the LandGEM model was
achieved.

The results from this study showed site-specic insights that
are not captured in broader or generalised studies. This local
approach enhanced the relevance and applicability of the
ndings, especially for stakeholders involved in managing the
Thohoyandou landll. Also, through the assessment of ineffi-
ciencies in current landll management practices, particularly
regarding cap design and waste accumulation, the study high-
lights opportunities for improvement in LFG control and miti-
gation in the Thohoyandou landll. These improvements are
crucial and should be addressed to avoid illnesses, premature
death, and environmental destabilisation. This study addresses
important research gaps, including the lack of site-specic data
for South African landlls, which hinders accurate assessment
and management of LFG emissions. Additionally, it highlights
the need for experiential validation of the LandGEMmodel with
present data, providing a more reliable tool for predicting and
mitigating emissions in South African contexts. The main
objectives of this study are to quantify the CH4 and CO2 emis-
sions from the Thohoyandou landll, analyze the seasonal
variations in these emissions, and validate the LandGEMmodel
using present-time data. These objectives aim to improve our
understanding of landll gas dynamics and enhance the accu-
racy of emission predictions in South African landlls.

2. Materials and methods
2.1 Study area

The Thohoyandou landll, located in the Thulamela Munici-
pality, Limpopo Province, South Africa, serves as the primary
waste disposal site for the region. It is situated near Tho-
hoyandou town and has been operational since 2004 under
a permit allowing only general, non-hazardous waste. The
landll receives approximately 79 888 tonnes of waste yearly
and has a proposed closure year of 2030. It is in a region with an
average annual rainfall of 752 mm and a temperature of 22.64 °
C. The cover material in the landll mainly consists of rubble
and construction materials. The landll receives MSW,
including household waste, organic material, plastics, and
construction debris, with no hazardous waste allowed. Waste
management practices are limited, with no recycling, waste
sorting, or LFG collection systems in place. Efforts to improve
management include plans for a weighbridge and LFG
Environ. Sci.: Adv., 2025, 4, 648–662 | 649
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Fig. 1 Map of Thohoyandou showing the sampling sections. Source: Google Earth Pro.
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monitoring station, but challenges remain due to inadequate
infrastructure and resource limitations, leading to uncontrolled
methane emissions.

The Thohoyandou landll was subdivided into four areas,
which include A (capped areas), B (active area), C (leachate) and
D (virgin areas), as shown in Fig. 1. The use of static ux
chambers has limitations in terms of not providing compre-
hensive coverage of the entire landll area, and it may not
effectively address the variability in emissions across the entire
surface area of the landll.23 However, to mitigate this
constraint, a systematic sampling strategy was employed, aim-
ing to collect data from all four designated regions within the
landll. The data collection strategy involved the application of
kriging interpolation methods to obtain measurements repre-
sentative of the entire landll area.12,24

Sample area A (capped area) – the capped area of the landll
refers to a section of the landll that has been covered with
topsoil (clay and construction rubble) permanently. This is
because the cells in that area are full and no longer receive
waste. The topsoil is designed to create a barrier that minimises
the migration of gases vertically into the atmosphere.

Sample area B (active area) – the active area in the landll
refers to the area of the landll that has not yet been covered
with a nal topsoil, unlike sample area A. This area is typically
still active and receives new MSW daily.

Sample area C (leachate area) – the leachate area of the
landll refers to the portion of the landll where liquid waste
(leachate) is stored, collected, and managed.

Sample area D (virgin area) – this section of the landll
remains unused for waste disposal purposes. As such, it does
not show any accumulation or activity related to waste disposal.
However, certain activities do take place in this area. Reclaimers
at the landll utilise it as a storage space for recyclable waste
650 | Environ. Sci.: Adv., 2025, 4, 648–662
collected from waste piles. Additionally, the offices of the
landll are situated in this area.
2.2 Quantication of LFG using LandGEM

The LandGEM model was used to model the LFG surface
emission because of its ability to model diverse LFGs including
CH4, CO2, and VOCs/HAPs. The VOC/HAP emission results are
important because these gases are very dangerous and can
cause severe health challenges if inhaled. Surface emission data
of VOCs/HAPs obtained from LandGEM were used in the
assessment of the potential health risk (carcinogenic and
noncarcinogenic) of the residents living closer to the landll.
First, the LandGEM results were calibrated or validated using
the eld-measured and laboratory-analyzed data derived from
the ux chamber sampling technique in this chapter. The
LandGEM (Version 3.02) LFG emission model was created by
the U.S. Environmental Protection Agency (EPA) in September
1998. This computational model served the purpose of quanti-
fying emissions encompassing total LFG, CO2, CH4, non-
methane organic compounds (NMOCs), and additional
airborne pollutants discharged from landll sites. The model's
foundational framework revolves around the utilisation of
a rst-order decomposition reaction rate, which provides the
foundation for assessing LFG emissions. This fundamental
equation, presented as eqn (1), is the key building block used to
estimate LFG emissions within the LandGEM system.22

QCH4
¼

Xn

i¼1

X1

j¼0:1

kL0

�
M1

10

�
e�ktij (1)

where QCH4
= estimated annual CH4 generation in the year of

the calculation (Mg per year); i is the increment in one year
time; n is (year of the calculation) – (initial year of waste
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Values of DOC in the Southern African region based on
standard settings from the IPCC's default parameters, as adapted in the
Afvalzorg and IPCC landfill gas model

DOC (by weight wet basis) Default Range

Food waste 0.15 0.08–0.20
Garden waste 0.20 0.18–0.22
Bulk MSW 0.20 0.12–0.28
Sewage sludge 0.05 0.04–0.05
Industrial waste 0.15 0–0.54

Fig. 2 A schematic diagram showing a simple flux chamber.

Fig. 3 The collection of gases using the flux chamber and a handheld
pump.
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acceptance); j is the increment in 0.1 year time; k is methane
generation rate (year); L0 is the potential methane generation
capacity (m3 Mg−1); Mi is the mass of waste accepted in the ith
year (Mg); tij is the age of the jth section of waste mass Mi

accepted in the ith year.
To use the model, an initial reconnaissance survey was

conducted to understand the landll's operational dynamics
and assess the potential feasibility of generating a substantial
amount of LFG for potential utilisation. Subsequently, data on
the amount of waste deposited in the landll were sourced from
both the local municipality and the South African Waste
Information Center (SAWIC).

The input data for the LandGEM include the quantity of
MSW deposited at the landll, the year of commencement of
landll operations, the landll's designed full capacity, and the
composition of waste deposited within the site. Additionally,
the parameters were estimated utilising context-specic values
of South Africa in conjunction with default values established
by the IPCC. These parameters are included.

The degradable organic carbon (DOC) values are shown in
Table 1.25 The potential CH4 generation capacity (L0) for the
Thohoyandou landll is inuenced by site-specic factors like
the high organic waste content, warm climate, and limited waste
management practices. These factors accelerate waste decom-
position, increasing CH4 production. The lack of LFG collection
systems further amplies the need for accurate L0 estimation to
predict CH4 emissions effectively. The L0 value, CH4 correction
factor (MCF) for managed anaerobic landll conditions, and the
degradation constant (k) were derived from the default values
presented in the LandGEM model. The k value is inuenced by
several factors; a high proportion of organic waste, warm
temperatures, and signicant rainfall accelerate microbial
activity and the waste decomposition rate. These conditions lead
to a higher degradation constant (k), as waste breaks down more
quickly, increasing CH4 generation. The absence of advanced
waste management practices further impacts the k value, making
it crucial to adjust the k value to reect the faster decomposition
specic to the Thohoyandou landll.

2.3 Quantication of LFG using the ux chamber

The static ux chamber employed in this research was designed
using a robust ceramic PVC material, incorporating a sharp-
ened base to effectively prevent any gas leakage from within the
chamber, as illustrated in Fig. 2 and 3.

The design of the ux chamber was informed by the meth-
odology adopted in prior research carried out by Bhailall
© 2025 The Author(s). Published by the Royal Society of Chemistry
(2015).26 During the installation phase, the ux chamber was
carefully inserted into the ground, with a penetration depth of
approximately 3 to 5 cm. The connection between the ux
chamber and the associated canister was established, with the
chamber then positioned on the surface of the landll, allowing
for an approximate 2 hour exposure period. Initially, the 2 hour
duration was designated for the ux chamber-canister instal-
lation phase. However, upon subsequent laboratory analysis, it
became evident that the quantity of gas accumulated within the
canisters was insufficient for comprehensive analysis. This
shortfall in gas volume was attributed to the insufficient pres-
sure exerted by the gases, thereby hindering their effective entry
into the canister. Consequently, an alternative method was
used, involving an extension of the gas collection time from the
ux chamber to a duration of 24 hours, during which no
external disturbances were introduced. Unfortunately, this
adjusted approach produced similar results, with only a small
portion of LFG composition making its way into the canister.
This was observed when the gas samples were taken to the
laboratory for analysis. To address this limitation, manual
Environ. Sci.: Adv., 2025, 4, 648–662 | 651
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pumps were introduced to generate the necessary pressure for
transferring the gases from the chamber into the canister.
Additionally, the canister was replaced with a Tedlar bag, which
was a more suitable storage option for the LFG collected from
the chamber.

The ux chamber, now connected to the Tedlar bag, was
installed on the landll surface until a sufficient quantity of gas
was accumulated in the bag. In some instances, a manual pump
was attached to the outlet of the chamber to facilitate the transfer
of gases into the Tedlar bags. This modied approach ensured
more effective gas collection and storage during the study,
enhancing the reliability and accuracy of subsequent analyses.

A step-by-step method outlining how LFG samples were
stored and collected from the landll for easy replicability.

Step 1: a ux chamber designed using a robust ceramic PVC
material, with a sharpened base, was prepared for gas collec-
tion. The chamber's design was informed by prior research and
optimised to prevent gas leakage.

Step 2: the ux chamber was carefully inserted into the
ground at selected sampling points within the landll, with
a penetration depth of approximately 3 to 5 cm.

Step 3: once installed, the ux chamber was connected to
a collection canister or Tedlar bag, depending on the specic
phase of the study. The chamber was positioned on the surface
of the landll to allow for gas collection.

Step 4: initially, a 2 hour exposure period was designated for
the ux chamber-canister setup. However, it was observed that
the gas volume collected within the canister was insufficient for
comprehensive analysis. To address the shortfall in gas volume,
the collection duration was extended to 24 hours, during which
no external disturbances were introduced to ensure accurate
time sampling. Also, at some point manual pumps were intro-
duced to generate the necessary pressure for transferring gases
from the chamber into the collection canister or Tedlar bag.
This ensured more effective gas transfer and storage.

Step 5: throughout the gas collection period, the ux
chamber setup was continuously monitored to ensure proper
functioning and to prevent any potential leaks or disturbances.
Fig. 4 Landfill area with sampling points (Google Earth Pro).

652 | Environ. Sci.: Adv., 2025, 4, 648–662
Step 6: once a sufficient quantity of gas was accumulated in
the collection container, the samples were transported to the
laboratory for analysis.

The placement location of each ux chamber at the area of
interest in the landll was specically chosen using the
methods described in the literature by Acker.12 To determine
the number of sampling points, eqn (2) was used

SP$ 6þ 0:15
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
area of zone

p
(2)

where SP = number of sampling points and area of zone = total
area of the testing location (m2). Fig. 4 shows the sampling
points of the ux chamber. The landll site comprises a total
area of 100 619 m2, which is divided into four distinct areas for
better management and monitoring. The sample area A covers
a signicant portion of the landll, spanning 40 263 m2 and
a total of 6 representative sampling points from the area. This
area represents a substantial part of the overall landll site. In
addition, sample area B encompasses a total area of 38 234 m2

and a total of 6 representative sampling points in the area.
Similar to area A, this section is considerable in size and plays
a vital role in the landll's operation. Sample area C is the third
section, covering 25 157 m2 and a total of 5 representative
sampling points in the area. Meanwhile, sample area D
occupies 30 113 m2 and a total of 5 sampling points in the
area.

The set of samples was collected during the wet season
(November–December 2022), which is associated with the
hottest months of the year and temperatures ranging from 25 °C
to 35 °C. Also, samples were collected in the dry season (June
2022), which is associated with the coldest month of the year
and temperatures ranging from 7 to 10 °C in the winter season.
2.4 LFG sample analysis

To quantify the gas ux, continuous measurements of LFG
concentrations were collected from the sample port connected
to the ux chamber. Gas samples were collected using 50 liter
Tedlar gas bags attached to each ux chamber. Within 24 hours
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The analysis of the gases collected from the Thohoyandou
landfill site.

Table 2 MSW deposited at the Thohoyandou landfill site from 2005 to
2022a

Years Population Waste deposited (tonnes)

2005 595 809 56 072*
2006 599 526 56 414*
2007 603 267 56 759*
2008 607 030 57 109*
2009 610 817 57 463
2010 614 628 70 666
2011 618 462 92 637
2012 622 296 104 617
2013 626 155 97 967
2014 630 037 210 000
2015 633 943 298 705.9
2016 637 874 83 719
2017 641 828 44 703.6
2018 645 801 33 893.8
2019 649 806 37 396.7
2020 653 835 9758.5
2021 657 889 39 031.1
2022 661 968 50 175.0

a * shows the expected amount of waste deposited in the landll, while
the amount of waste deposited from year 2009 to 2022 was obtained
from the SAWIC.
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of gas collection, the samples were sent to the laboratory for
chemical analysis. The SRI 8610C gas chromatography (GC)
instrument was employed to analyse CH4 and CO2, using
a ame ionisation detector (FID) and a thermal conductivity
detector (TCD) (GC-FID, GC-TCD). The SRI 8610C gas chroma-
tography (GC) instrument with a Restek Packed Porapak, 2 mm
stainless steel column was utilised for sample analysis (Fig. 5). A
2 mL sample was injected into the GC through an inlet. The
carrier gas, helium, was passed through the column at a ow
rate of 15 mL min−1. To enable the detection of ow CO2

concentrations, a methaniser was incorporated into the GC
system. The methaniser contained a powdered nickel catalyst
and was heated to 380 °C by the FID, while the sample
temperature was maintained at 50 °C. Importantly, the
conversion of CO2 to CH4 occurred aer the sample had passed
through the column, ensuring that their retention times were
not affected. Consequently, during analysis, the rst peak rep-
resented CH4, while the latter peak represented CO2.

To determine the spatial distribution of CH4 and CO2

emissions from the landlls, kriging interpolation contour
plots were employed. The accuracy of gas concentrations was
limited to themonitoring probes, while values in other areas are
interpolated using the grid feature of Surfer soware. Surfer,
a grid-based contour program, facilitated data interpolation on
a regular grid using the XYZ data le, where X and Y represent
the latitudinal and longitudinal coordinates of the monitoring
probes, and Z represents the gas concentration. This analytical
approach provided detailed insights into the gas composition
and spatial distribution of CH4 and CO2 emissions.

2.5 Emission rate calculation

The emission rates of LFG (eqn (3)) were calculated and
measured by multiplying the concentration of LFG inside the
chamber (in g m−3) with the volume of the chamber (in m3) to
obtain the total amount of LFG emitted. This amount was then
© 2025 The Author(s). Published by the Royal Society of Chemistry
divided by the surface area of the site covered by the chamber (in
m2) and the duration of the measurement period (in hours) to
obtain the emission rate unit area per unit time (in g m−2 h−1).13

ER ¼
DC1

Dt 1
V1

A
(3)

where ER is the emission rate;
DC1

Dt1
is the change in concen-

tration with time; V1 is the volume of the ux chamber; and A is
the surface area of the sample area within the landll.

The total emission rate estimate for the different areas of the
landll was further calculated with units in mass/time. By
observing the concentration of CH4 and CO2 within the
chamber, it becomes possible to compute the CH4 and CO2 ux
across the covered chamber area annually. The emission rate (g
m−2 h−1) is multiplied by the total landll area, and then the
measurement in g h−1 is converted into Mg per year.27
2.6 Model calibration

The model calibration analysis was conducted to validate the
results derived from the LandGEM model and make it more
reliable and representative of the eld-measured and labora-
tory-analyzed measurements. The comparison was between the
modelled result (LandGEM) and actual results (static ux
chamber).

Tables 2 and 3 show the yearly waste disposal and the input
data for the different scenarios that were imputed into the
LandGEM model, respectively. A sensitivity analysis was con-
ducted to determine the most appropriate k and L0 values to be
used for the LandGEM model. The objective of this calibration
process was to align the predicted LFG generation simulated by
the LandGEM model with the actual average measured CH4
Environ. Sci.: Adv., 2025, 4, 648–662 | 653
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Table 3 Input parameters for all scenarios during the LandGEM calibration with varying k and L0 values

Data First scenario Second scenario Third scenario Fourth scenario Fih scenario Sixth scenario

Landll commenced operation 2005 2005 2005 2005 2005 2005
Proposed closure year of landll
operation

2030 2030 2030 2030 2030 2030

Degradation constant k (per year) 0.05 0.1 0.18 0.18 0.18 0.18
Methane generation capacity L0 (m

3

mg−1)
170 170 170 200 210 220

Methane concentration (%) 50 50 50 50 50 50
Years of waste deposition in the landll 2005–2022 2005–2022 2005–2022 2005–2022 2005–2022 2005–2022

Fig. 6 Pie chart showing the average annual composition of waste present in the Thohoyandou landfill (source: adapted from Nefale30 and
SAWIC website).
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generation data for the year 2022. This will ensure the reli-
ability, consistency, and accuracy of the LandGEM model.

The input data for both models are summarised in Tables 2
and 3. The total amount of waste deposited in the landll was
obtained from the information provided on the SAWIC website
and records from the landll. Eqn (4) was used to estimate the
potential waste generated in the area based on the potential
population size for both landlls. The results were applied in
this study to ll in the missing data that were not acquired from
the SAWIC and municipalities.

According to the 2011 population census statistics, Thula-
mela municipality has a population of 618 462 people. Also, the
waste deposited in the landll in 2011 was 92 637 tonnes per
year. Therefore, at a 0.62% growth rate, the past waste generated
was estimated using eqn (4).28

Pastg = presentg (1 − in) (4)

Pastg = past waste generation; presentg = present waste
generation; i = rate of population growth, which is 0.62%; n =

period of year, based on the 2011 population census for Thu-
lamela municipality, which recorded 618 462 people.29 Table 2
shows the amount of waste deposited in the Thohoyandou
landll.
654 | Environ. Sci.: Adv., 2025, 4, 648–662
Furthermore, Fig. 6 shows the waste composition in the
Thohoyandou landll.

It is important to indicate that 10% of the total composition
of solid waste deposited in the Thohoyandou landll is
considered to be inert waste and it includes sand, ceramics,
tiles, gravels, and bricks. Thus, only 90% of the total waste
deposited in the landll was imputed in the LandGEM model.

Methane oxidation will be considered at 0.1 or 10% for this
study using the U.S. EPA GHG inventory default parameter.
Methane oxidation estimates can vary signicantly. Over the
years, the U.S. EPA GHG inventory used a default value of 10%
for the oxidation of uncollected methane. Recently, this was
revised to a range of 10% to 35%, depending on the specic
methane ux passing through the landll's soil cover.31,32
3. Results and discussion
3.1 CH4 and CO2 surface emission results for the year 2022
during the wet and dry seasons obtained using the closed ux
chamber

Table 4 shows the summarised results of the analysis of CH4 gas
emissions using the ux chamber obtained from the four
distinct sample areas during the wet and dry seasons of 2022.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 shows that during the wet season, CH4 emissions
consistently exhibit higher rates compared to the dry season
across the sample areas. This suggests that environmental
conditions during the wet season, such as increased moisture
content and possibly higher temperatures, may have contrib-
uted to higher rates of anaerobic decomposition and conse-
quently higher CH4 emissions. This seasonal trend aligns with
common expectations in landll environments. The wet season,
which generally occurs from November to February in South
Africa, signies the hottest months of the year (summer
months). The increased moisture content during the wet season
can signicantly impact CH4 emissions. The percolation of
precipitation in the landll provides an ideal setting for
enhanced microbial activity. This heightened microbial activity
will promote the decomposition of organic waste, ultimately
increasing CH4 production.20 Also, the increasedmoisture levels
restrict the availability of oxygen, creating anaerobic conditions.
As noted in previous studies, CH4 production is favored under
anaerobic conditions, where oxygen is absent.32 The increased
precipitation also increases the generation of leachate, as sup-
ported by research from Wang et al.33 The leachate acts as
a carrier for dissolved organic compounds and nutrients,
thereby nourishing the methanogenic microbial community.
This alignment with optimal temperature conditions facilitates
the methanogenic microbial activity, further promoting CH4

production. Methanogenic activities are optimised in areas of
higher temperature, thereby producing more methane bacteria
that contribute to increased CH4 emissions. The relationship
between temperature, moisture, and microbial communities
plays a crucial role in driving CH4 production rates.34

In both wet and dry seasons, sample areas A and B show
higher variability in concentration and emission rates
compared to sample areas C and D. This suggests more uc-
tuation and diverse measurements in sample areas A and B,
pointing to potential environmental differences and distur-
bances prevailing between these areas. Sample areas C and D
display relatively lower variability in their measurements across
the wet and dry seasons. The high CH4 emissions observed in
the capped area, despite the permanent topsoil cover, suggest
that the topsoil barrier may not be effectively mitigating vertical
LFG migration. Studies indicate that compromised caps or
design aws can allow CH4 to escape, leading to higher
emissions.35–38 Wang et al.38 found that using a high-density
polyethylene (HDPE) membrane as a cap achieved a CH4

retention rate of 99.8% (a mean ux of 0.288 g per m2 per day),
compared to an air-permeable open windrow composting
(OWC) surface with a CH4 mean ux of 142.40 g per m2 per day.
The HDPE membrane's tight particle packing prevented LFG
passage. However, the Thohoyandou landll's cover material
appears to have loose particles, leading to higher CH4 emis-
sions. Also, Ng et al.39 demonstrated that increased moisture
content and temperature can exacerbate CH4 generation and
surface emissions from landlls.

Sample area B is known for a high inux of organic waste,
which introduces a steady source of decomposable matter. As
more waste accumulates, more organic material is available for
decomposition, leading to higher CH4 production. The
Environ. Sci.: Adv., 2025, 4, 648–662 | 655
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Table 5 Average CO2 emission rate (g per m2 per day) for the year 2022

Wet season Dry season

Sample
areas

Concentration
(mg m−3)

Mean emission rate
(g per m2 per day)

Annual emission rate
(Mg per year)

Concentration
(mg m−3)

Mean emission rate
(g per m2 per day)

Annual emission rate
(Mg per year)

A 576 002.90 � 65 868.81 691.24 � 79.05 10 158.46 � 1161.67 558 002.80 � 23 518.99 669.64 � 28.22 9841.03 � 414.78
B 630 003.20 � 60 895.27 756.04 � 73.08 10 550.85 � 1019.83 594 003 � 58 054.99 712.84 � 69.67 9947.97 � 972.26
C 162 000.80 � 6487.70 194.41 � 7.79 1785.13 � 71.49 126 000.60 � 6513.48 151.21 � 7.82 1388.46 � 71.78
D 90 000.45 � 540 002.7 108.01 � 648.06 1187.16 � 7122.98 54 000.27 � 1307.48 64.80 � 1.57 712.23 � 17.24
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continuous source of organic material in this region results in
higher CH4 emissions during the wet season. Similar results
were observed in the study of Stark and Newman.36

In the leachate area (C) of the Thohoyandou landll, LFG
emissions are relatively lower. Leachate is collected and
directed into a settling pond in this area, but there are no liners
to prevent ground penetration. Occasionally, the leachate is
recirculated within the landll or taken to the wastewater
treatment plant for disposal. Additionally, the leachate is used
to wet the ground for dust suppression. This management
strategy helps reduce liquid waste accumulation and limits its
interaction with organic matter, which may slow down the CH4

generation process. Scientic ndings indicate that proper
isolation of leachate areas from other landll sections and
controlled collection of leachates can reduce the escape of CH4

and other gases, limiting emissions.33,40

This virgin area (D) has the lowest emissions, which could be
a result of the low presence of organic waste material. Unlike
the active or capped areas, the virgin area has not yet been used
for waste disposal.

A similar trend observed in CH4 was also observed in CO2

emissions. Across both seasons, in the capped area (A), high
CO2 concentrations were observed, indicating potential limita-
tions in the cap's effectiveness in mitigating gas migration. The
active area (sample area B) showed elevated CO2 concentrations,
suggesting the highest decomposition rates and CO2 generation
Fig. 7 Spatial variation of CH4 emissions from the landfill determined us

656 | Environ. Sci.: Adv., 2025, 4, 648–662
(Table 5). Similarly, the results of Herath et al. (2023)41 showed
that the average emission rate of CO2 from an active Karadiyana
MSW dumpsite was 978.65 g per m2 per day, and total emis-
sions, 519.67 Mg per year, were the highest across the landll.
The leachate area (C) displayed lower CO2 emissions, possibly
due to leachate containment measures limiting CO2 generation.
The virgin area (D) had the lowest CO2 emissions, indicating
minimal waste decomposition and gas generation.

3.2 Result of the total CH4 and CO2 surface emissions using
the closed ux chamber

The observed signicant variations in LFG emissions within the
landll are attributed to the spatial heterogeneity of the site. To
comprehensively assess these differences, a Kriging analysis
was conducted, focusing on the mean annual emissions of CH4

and CO2 across the entire study area. In Fig. 7 and 8, a distinct
separation is evident between the capped and active areas when
compared to the leachate and virgin areas. These gures vividly
illustrate the predominant hotspots of LFG emissions
emanating from the landll. Notably, this explanation signies
that, during the year 2022, the active and capped areas of the
landll emerged as the primary pathways for LFG emissions.

Conversely, a lower concentration of hotspots is discernible
in the leachate and virgin areas. This disparity may be attrib-
uted to the dynamic processes occurring within the landll. In
the leachate areas, the dissolution of leachate likely contributes
ing Surfer software.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Spatial variation of CO2 emissions from the landfill determined using Surfer software.
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to the LFG emissions, whereas the virgin areas may serve as
conduits for lateral migration of LFG, resulting in fewer
pronounced hotspots.

This phenomenon explains the consistency in the spatial
distribution of CH4 and CO2 emissions, strengthening the
credibility of these ndings. These results align with existing
studies in the eld, corroborating the robustness of the current
research.20,42

In summary, the results shed light on the variability of LFG
emissions across different areas within the landll and how
they are inuenced by seasonal changes. This enhanced
understanding is crucial for developing better management and
mitigation strategies to reduce greenhouse gas emissions from
landlls. This tailored approach based on localised emission
data is unique to this study and provides a valuable tool for
landll operators and environmental managers. Also, in the
context of the installation of LFG utilisation technology, there
will be a better understanding of how to install LFG collection
machinery. Additionally, the observation of high LFG emissions
from capped areas despite the presence of topsoil covers
explains the need for further research and development of more
effective cap systems. This highlights a gap in current landll
management practices and suggests avenues for innovative
solutions to minimise gas migration and emissions. Tho-
hoyandou landll managers and stakeholders can investigate
providing a more efficient capping system during the closure of
the cells in the landll. Lower LFG emissions observed in areas
with effective leachate management emphasise the signicance
of proper containment and treatment of landll leachate. This
nding reinforces the importance of integrated leachate
management systems in reducing GHG emissions from land-
lls. The study highlights the seasonal trends of LFG emissions,
with wet seasons exhibiting higher emission rates compared to
dry seasons. This seasonal variation explains the dynamic
nature of LFG production and the need for adaptive manage-
ment strategies to address seasonal uctuations.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The uniqueness of these ndings lies in their contribution to
understanding the specic dynamics of LFG emissions within
the context of the Thohoyandou landll in South Africa. While
previous studies may have explored general trends in LFG
generation and emissions, this research provides comprehen-
sive insights into the variability of emissions across different
areas within the landll and their response to seasonal changes.
This level of specicity is novel and contributes to a more tar-
geted approach to LFG management and mitigation strategies.
3.3 Results from the LandGEM model v302 (sensitivity
analysis)

In the sensitivity analysis, the k and L0 values were the key
parameters tested for their impact on CH4 generation predic-
tions. The sensitivity analysis revealed that both parameters
signicantly inuenced the model outputs.

In the initial modeling of CH4 generation, a range of k values
ranging from 0.05 to 0.18, along with L0 values ranging from 170
m3 Mg−1 to 220 m3 Mg−1 of waste, were considered. Firstly,
during the calibration process, default k and L0 values of 0.05
and 170 m3 Mg−1 were used. The results showed that CH4

generation is underestimated when compared to eld
measurements using ux chambers. Subsequently, aer con-
ducting sensitivity tests, a k value of 0.18 was adopted as it
yielded CH4 generation results that closely aligned with eld-
measured data. This suggests that the waste in the Tho-
hoyandou landll decomposes more rapidly than initially
assumed, likely due to factors like local climate (e.g., higher
temperatures and moisture), which accelerate microbial
activity. Thus, the k value had a signicant impact on the
accuracy of the model, highlighting the need to adjust k based
on site-specic conditions rather than relying solely on default
values. This study's adjustment of the k value from 0.05 to 0.18
through sensitivity analysis is consistent with several prior
studies that emphasize the need for region-specic calibration
Environ. Sci.: Adv., 2025, 4, 648–662 | 657
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Fig. 9 Annual CH4 generation with varying k and L0 values during the calibration process.
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of decay rates. For example, Araye et al.43 demonstrated that k
values tend to vary signicantly based on climate, particularly
temperature and moisture content, with higher values associ-
ated with warm and humid conditions. Similarly, Wangyao
et al.,44 in their study on landlls in tropical climates, found that
decay rates are oen underestimated when using default values
from models designed for temperate regions.

The default L0 value of 170 m3 Mg−1 for arid conditions was
used. During the sensitivity analysis, the eld-measured and
laboratory-analyzed measurements of CH4 emissions were
compared to CH4 emission results from LandGEM using L0
values ranging from 170 to 220 m3 Mg−1. The results revealed
that predicted CH4 emissions using the L0 value of 220 m

3 Mg−1

align more closely with the actual CH4 emissions (Fig. 9). This
indicates that the L0 value of the waste in the Thohoyandou
landll is higher than initially assumed. The adjustment of L0
was crucial, as it directly affects the model's CH4 output,
particularly in terms of the waste composition's organic
content. The adjustment of the L0 value from 170 m3 Mg−1 to
220 m3 Mg−1 in this study shows similar ndings in research by
Malmir et al.,45 which found that L0 values are strongly inu-
enced by the organic content of the waste. In their study of
landlls in both developed and developing countries, Malmir
et al.45 showed that default L0 values oen fail to account for the
high variability in waste composition, particularly in regions
where organic waste forms a substantial portion of MSW.
Similar conclusions were drawn by Sun et al.,46 who demon-
strated that higher L0 values are observed in landlls with
elevated levels of organic waste decomposition, especially in
humid environments.

The results of this study provide several new insights into L0
modeling. First, they highlight the importance of considering
both local climatic factors and waste composition when
658 | Environ. Sci.: Adv., 2025, 4, 648–662
determining k and L0 values. This study adds to the growing
body of research indicating that even in regions with moderate
rainfall, higher-than-expected CH4 emissions can occur. This
nding challenges the widespread use of default parameters in
models like LandGEM, which may not fully capture the vari-
ability in methane production across different landll
environments.

Furthermore, the study demonstrates that using higher k
and L0 values, derived from local measurements, leads to better
alignment between modeled and measured emissions, a result
that has broader implications for landll management. Sil
et al.47 highlighted that improving model accuracy is essential
for developing effective methane mitigation strategies, partic-
ularly in regions where LFG management infrastructure is
limited. The ndings from the Thohoyandou landll suggest
that methane generation could be higher than previously esti-
mated, which has important implications for both climate
change mitigation and local air quality management.
3.4 Importance of calibrating the LandGEM model

The calibration process of the LandGEM model is essential for
rening the accuracy of Thohoyandou LFG generation esti-
mates within the landll. Landlls in general exhibit consid-
erable variability in waste composition, climate conditions, and
operational practices, necessitating adjustments to model
parameters for a more default representation of LFG dynamics.
By calibrating the model to site-specic conditions, this study
enhances its predictive capability, thereby enabling more
accurate estimations of the LFG emissions over time. This
alignment between model parameters and site-specic charac-
teristics is crucial for effective LFG management strategies and
mitigating environmental impacts.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Through the calibration process, model parameters such as k
and L0 were ne-tuned based on comparisons with observed
eld data or measurements from the landll site. This valida-
tion step serves to validate the reliability of the model in accu-
rately capturing the LFG generation trends within the
Thohoyandou landll context. By assessing the agreement
between model predictions and actual data, the author was able
to identify any discrepancies or biases, leading to a more robust
representation of LFG emission dynamics. Moreover, the cali-
brated LandGEM provides valuable insights into the effective-
ness of LFG recovery and utilisation systems deployed in the
Thohoyandou landlls. Accurate LFG generation estimates
enable stakeholders to optimise the design and operation of gas
collection systems, maximising methane recovery efficiency and
energy generation potential. By aligning model predictions with
observed LFG emissions, Thohoyandou landll managers and
stakeholders make informed decisions regarding investment in
gas recovery infrastructure and emission reduction measures.
3.5 Comparison of results from the eld-measured,
laboratory-analyzed and modelled surface emissions of CH4

and CO2

Aer the calibration process, the LandGEM model was run to
simulate the CH4 and CO2 emissions. In the studied landll, the
annual CH4 emitted increased from 1367.94 Mg per year in late
2006 up to 18 220.05 Mg per year in 2016 (Fig. 10). Also, the CO2

generation increased similarly from the year 2006 at 3753.3 Mg
per year to 49 991.54 Mg per year in 2016. The LFG emitted from
the landll increased as a result of the continuous deposition of
waste in the landll from the opening of the landll in 2005.
Also, a signicant increase in the waste deposited in the years
2014 and 2015 was evident in the CH4 generation from the
landll and the LFG peaked in the year 2016 (Fig. 10). This
brought about a signicant increase in the LFG generation. This
suggests that themore waste that is deposited in the landll will
bring about an increase in the gases generated from the landll.
Using the ux chamber method to measure the LFG in the year
Fig. 10 The annual average CH4 and CO2 measured and estimated from

© 2025 The Author(s). Published by the Royal Society of Chemistry
2022, the average total CH4 and CO2 emitted from the landll
were 13 578.69 and 22 785.65 Mg per year, respectively.

The comparison between results from the ux chamber
measurements and the LandGEM model showed a promising
level of agreement. The preliminary ndings indicate that both
methods produce comparable results aer a comprehensive
sensitivity analysis. This suggests that the LandGEM model can
be a suitable tool for quantifying LFG emissions, particularly
under conditions similar to those found at the Thohoyandou
landll site. This outcome aligns with the ndings of Capella
et al.,48 who also reported favorable results aer conducting
a comprehensive sensitivity analysis of the LandGEM model.
Similarly, Di Bella et al.49 found that the ux chamber method
and various modeling approaches demonstrated good consis-
tency. However, it was noted that balance models typically
yielded slightly higher LFG production values compared to the
ux chamber measurements. The ux chamber method, in
particular, stands out as a reliable and user-friendly approach
for on-site measurements. Its simplicity and effectiveness make
it a practical option for real-time LFG monitoring. Although the
LandGEM model can provide useful predictions, it may require
calibration and validation against eld data, especially for
landlls operating under varying environmental and opera-
tional conditions. While LFG models and ux chamber
methods have shown potential in quantifying LFG emissions, it
is essential to recognize the value of continuous validation with
eld data to rene these models further.
3.7 Limitations

� Flux chambers provide point measurements, which means
that the measurements obtained are only representative of the
specic area covered by the chamber. The LFG emissions can
exhibit signicant spatial variability due to differences in waste
composition, microbial activity, and gas migration patterns.
Therefore, extrapolating chamber measurements to the entire
landll site can lead to inaccuracies.
the landfill.
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� The research team was not allowed access to the landll
site during certain periods of the study.

� There were limitations with the collection of the gaseous
samples due to low pressure, which brought about the intro-
duction of pumps. If not properly sealed to mitigate the ingress
of air, this could affect the integrity of the samples.

� Limitations exist regarding the accuracy and reliability of
available waste quantity data for input into the LandGEM
model.

4.1 Recommendations

Based on the study's ndings, several targeted strategies can be
implemented to reduce LFG emissions and improve environ-
mental outcomes.

� Implement LFG capture and utilization systems.
� Introduce site-specic waste management practices.
� Enhanced waste decomposition monitoring.
� Legislation and incentives for organic waste reduction.
� Sensitivity analysis for future landlls.
� Invest in research and development for LFG mitigation.

4.2 Future research areas

� Long-term monitoring of landll emissions should be done to
understand the emissions of LFG.

� Similar studies should be conducted in different landll
settings to achieve comprehensive data on landll gas
emissions.

� Studies should be conducted on the testing of new miti-
gation technologies.

5. Conclusion

The analysis of CH4 and CO2 emissions from the Thohoyandou
landll site provides valuable insights into the dynamics of gas
emissions in different sample areas and across seasons. These
ndings have important implications for landll management
and environmental impact assessment. The study observed the
CH4 emission rate was higher during the wet season than in the
dry season. This was as a result of the increase in moisture
content from precipitation and the temperature around the
landll area. Sample areas A and B, characterised by capped
landll and active waste deposition, consistently exhibit the
highest CH4 emissions due to concentrated landll activities
and waste decomposition. Similarly, CO2 emissions show the
same trend as the CH4 emissions, with higher rates during the
wet season. This increase is linked to the presence of moisture,
which accelerates the decomposition of organic waste within
the landll. Microbial activity, crucial for waste breakdown,
thrives under wet conditions, leading to greater CO2 produc-
tion. The decomposition pathways also shi towards aerobic
processes under wetter conditions, favoring CO2 generation
over CH4.

Simulation results from the LandGEM model provide
insights into the long-term emissions outlook. The modelled
result predicts a peak in CH4 and CO2 emissions around 2016,
associated with a surge in waste disposal in the preceding year.
660 | Environ. Sci.: Adv., 2025, 4, 648–662
Using the default parameters for k and L0 values in the Land-
GEM model led to an underestimation of LFG emissions.
However, calibrating the LandGEM model with site-specic
data improved the accuracy of k and L0 values, resulting in
measurements closer to those obtained from the ux chamber.
In conclusion, this study highlights the importance of consid-
ering seasonal variations and sample area characteristics when
assessing gas emissions from landlls. Proper landll
management and cover integrity maintenance during dry
seasons are essential for mitigating CH4 emissions. Addition-
ally, the study highlights the signicance of microbial activity
and moisture levels in inuencing CO2 emissions. The simu-
lation results from both models offer insights into the long-
term emission trends, emphasising the need for continued
monitoring and management of LFG emissions to mitigate
their environmental impact.
Data availability
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