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Abstract. Climate change projections indicate that Republic of Serbia and the Western Balkans will
face a high probability of continuing temperature increases, climatic extremes are projected to become
more common, including a significant increase in the number of extreme heat events. Heavier
precipitation events are expected in the winter months, whilst summers are projected to become even
drier. This paper aims to analyse effect of precipitation changes on landfill gas generation on the
Vinca landfill, the biggest landfill in Serbia. Quantities of generated landfill gas and methane have
been estimated by using LandGem model. Site specific methane generation rate has been calculated
according to GMI methodology for Central Eastern Europe. Sensitivity analyses is performed to
determine influence of a precipitation regimes on the methane generation rate on the site. Any increase
in precipitation (in range 10-30%) may increase landfill gas production for 4.3%. The paper shows
the difference in gas emissions, with the same composition of waste, and different precipitation
regimes. Changes in precipitation regimes due to climate change can affect the dynamics of landfill
gas emissions. This information is significant for the possible re-circulation of leachate from the

landfill which could result in an increased production of landfill gas.

1 Introduction

Landfill gas is a renewable energy source. At the same
time, it can be a significant source of anthropogenic
methane emissions. Average composition of LFG is 50%
CO; and 50% CHs. Some studies have shown that
methane produced in landfills accounts for between 5 and
10% of global methane emissions [1].

The Republic of Serbia generates about 2.5 million
tonnes of municipal waste. To manage this waste
effectively, the country sets the following priorities:
prevention and reduction of waste generation, reuse of
products for their original or alternative purposes,
recycling of waste to obtain raw materials for new
products, treatment of waste to use its value through
methods such as composting or energy-generating
incineration, and waste disposal [2]. As over 2 tonnes of
waste are landfilled in Serbia annually, there is a great
potential for landfill gas production [3]. However,
conducted research shows that many modern landfills in
Serbia do not meet environmental protection requirement
[4]. Therefore, gas collection measures should be
accompanied by legal policies the relies on country-
specific circumstances [5].

1.1 Landfill gas

Landfill gas (LFQG) is produced by the microbiological
decomposition of waste. The amount of LFG produced
depends on several important factors, such as the
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composition of the waste, its compactness, i.e., its
fragmentation. The age of the deposited waste, as well as
the height of the waste in the landfill, weather conditions,
moisture content, acidic or basic environment,
temperature, presence of nutrients to feed the bacteria,
etc., also significantly affect the emissions [6]. The
generation of landfill gas begins almost immediately after
the waste is deposited and lasts for up to 100 years. The
process of LFG production takes place in four stages. The
first stage is hydrolysis, where complex organic
substances are broken down into simpler products,
releasing CO; as a by-product. The second stage begins
when all oxygen has been consumed. In this phase,
anaerobic bacteria break down the simpler organic
molecules into acetic, formic and lactic acid alcohols in
the absence of oxygen. This changes the pH, the landfill
becomes acidic and soluble components of the waste
dissolve. Hydrogen and carbon dioxide are the gaseous
products of this stage. The third stage is called
acidogenesis because acetate compounds are formed. The
last stage is metagenesis, in which methane is formed
from the products of the previous conversion stages. More
carbon dioxide is produced in the aerobic phase of
decomposition, while methane is produced in the
anaerobic phase [7].

Methane formation in landfills is influenced by several
factors, such as the quality of the landfilled waste,
moisture content, temperature and oxygen content. The
rate of methane formation is directly influenced by the
amount of rapidly degradable and crushed municipal
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waste, the temperature and moisture content of the
landfill, and the presence of nutrients [8]. It is also
indirectly influenced by factors such as organic content,
compaction rate and microbial population. The potential
for methane formation is directly influenced by the
organic content in the waste, the temperature of the
landfill and the microbial population.

1.2 Emissions quantification

The rate of LFG emissions from landfill depends on
the mechanisms of gas formation and transfer.
Mechanisms include emissions of substances formed
during  reduction and  evaporation  processes,
biodegradation, or chemical reactions. Transfer
mechanisms include the transfer of unstable constituents
in the vapour phase at the surface of the landfill, through
the boundary layer of air above the landfill, and into the
atmosphere. The three main mass transfer mechanisms
that allow the transfer of volatiles to the vapour phase are
diffusion, convection, and evaporation [9]. Liquefied gas
is lighter than air and leaves the landfill naturally with the
atmosphere. It is therefore very important to comply with
all professional, national and European regulations when
planning and carrying out work on new landfills and
remediating existing landfills.

The literature search has shown that there are a
number of models for predicting the amounts of generated
landfill gas [10]. Most of these estimates are based on
first-order kinetics, also known as first-order decay
models. These models assume a linear relationship
between the maximum gas generation potential per unit
weight of waste and an exponential relationship between
waste decay rate and time.

Zero-order models, on the other hand, assume that the
gas generation rate is constant over time. This assumption
leads to considerable inaccuracies in the results of these
models. More complex mathematical models consider the
carbon mass balance in the CHs production chain,
including solid carbon, aqueous carbon, carbon in
acidogenic and methanogenic biomass, carbon in acetate,
carbon in CO» and carbon in CH4. Numerical models have
also proven to be effective tools for estimating CHs
emissions [11].

2 Methodology

2.1 LandGEM

The United States Environmental Protection Agency (US
EPA) has developed a model to predict uncontrolled
emissions from landfills. The model is a software
application typically used in industry for regulatory and
non-regulatory applications and was also used in this
study [12].

The LandGEM model is based on a simple first-order
decomposition rate equation. The model determines the
mass of methane produced as a function of the capacity of
methane production and the mass of waste disposed of. It
is based on input parameters: landfill waste volume,
landfill waste types, landfill design, methane generation

rate constant (k), methane generation potential (Lo),
concentration of non-methane compounds, volume
fraction of methane and carbon dioxide in landfill gas.
LandGEM version 3.02, Equation 1, was used for the
calculations.

Ocs =Y. ¥ k Lo (Mi/10) (e-'5)) (1)

Where:

Qcns - estimated methane generation flow rate (in cubic
meters [m®] per year or average cubic feet per minute
[cfm])

i=1l-year time increment

n = (year of the calculation) — (initial year of waste
acceptance)

j = 0.1-year time increment

k = methane generation rate constant (1/year)

Lo = potential methane generation capacity (m3 per
megagram [Mg] or cubic feet per ton)

M; = mass of solid waste disposed in the i year

(Mg or ton)

tij = age of the j™ section of waste mass disposed in the i
year (decimal years)

According to the methodology used, the methane
formation constant depends directly on two parameters:
the composition of the waste and the precipitation regime.
In this work, the possible influence of the change of
precipitation regime and waste composition on the change
of the value of the constant k was investigated using real
information from the regional landfill Vinca, Belgrade.

Historical data of the landfill should be entered into
the LandGem worksheet shown in Figure 1. Information
on possible contaminants, their properties and quantities
should be entered in the pollutants window, Figure 2.
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Fig. 1. LandGem User Inputs window (sheet).



E3S Web of Conferences 436, 02010 (2023)
ICED2023

https://doi.org/10.1051/e3sconf/202343602010

A ] (& 0 E F [
1 POLLUTANTS Landfill Name or Identifier:
2 |
3 Enter New Pollutant Edit Existing Pollutant
; Parameters Parameters
6 Detautt parameters will be used by model u Enter Userspecified Pollutant
7 Gas / Pollutant Defaul Parameters for Existing Pollutants:
8 ‘Concentration Concentration
9 Compound {pomy) | Molecular Weight| Notes {ppmv) Molecular Weight
10 Total landfil gas 30,03
11| 8 |Methane 16,04
12| 8 [Carbon dioxids 4401
13| [Nwmoc 000 3.1
14| |1.1.1-Tnchioroethane (methyi chioroform) - HAP [ 043 13341 A
15| [1.1.22Tetrachioroethane - HAPVOC 11 16785 | AB
16 [1.1-Dichioroethane (ethybdene dichionde) - HAPIVOC 24 989 AB
17 1,1-Dichloroethene (wnyhdene chionde) - HAPVOC 020 96,94 AB
18| [1.2Dichioroethane (ethylene dichionde) - HAPNOC 041 939 AB
19| [1.2Dichloropropane (propylene dichioide) - HAPVOC| 0,18 1299 |AB
20| [2:Propanol (isopropyl aicohol) - VOC 50 60.11 B
21| [Acetone 70 53,08
22 |Acrylontrie - HAPNOC 63 5306 AB
23| |Benzene - No o Unknown Co-disposal - HAPNVOC 19 7.1 AB
24| [Benzene - Co-disposal - HAPNVOC Se e e A B
25 |Bromodichloromethane - VOC 31 16383 B
% [Butane - VOC 50 5812 B
27 |Carbon disulfide - HAPVOC Ty ¥ Sl [ 1613 _|AB
28| [Carbon monoxide R 201
29| |Carbon tetrachionde - HAPVOC L0603 15384 AB
30 Carbony! sulfide - HAP/VOC 049 60,07 AB
31| |Chiorobenzens - HAPVOC 025 1256 | A8
2 [ 13 847
33| |Chioroethane (ethyl chioride) - HAPNVOC 13 6452 AB
34| [Chioroform - HAPVOC 003 1939 |AB
35| |Chioromethane - VOC 12 5049 B8
36| [Dichiorobenzens - (HAP for para isomer/VOC) 021 T B.C
7 % X
38| [Dichiorofiuoromethane - VOC 26 102.92 ]
39| [Dichioromethane (methylene chionide) - HAP 1 8494 A
40 |Dimethyl sulfde (methy sulfde) - VOC SR 6213 B
A1) [Ethane L 3007
42| 8 [Ethanol - VOC 27 45,08 B
43| 8 |Fthwd macrantan (sthanathinl) - VO 23 1 R

INTRO | USERINPUTS = POLLUTANTS | INPUTREVIEW | METHANE | RESULTS | GRAPHS | INVENTORY | REP

Fig. 2. LandGem Pollutants window (sheet).

The value of the methane formation rate constant and
the CH4 formation potential depend on several factors.
After a thorough review of the literature, default values
for these factors were chosen for the model. The type and
composition of the waste in the landfill affect the CHy
formation potential. For example, MSW with a high
cellulose to lignin ratio, such as food, degrades faster than
waste with more lignin, such as cloth. The higher the
cellulose content, the higher the value of L. The values
of k and Ly depend mainly on the amount of organic
carbon in the waste and its availability. Food waste with
medium and high carbon content is classified based on its
organic carbon content of <50% and >65%, respectively.
The k-value is given as a function of the annual rainfall
and the temperature of the landfill, while L, is a function
of the annual rainfall rate.

In this paper, LFG and methane production have been
estimated for Vinca landfill - the largest landfill in Serbia.
Also, effects of precipitation levels, as consequence of
climate change, on generated gas quantity were estimated
using sensitivity analyses. According to climate change
projections, the Republic of Serbia is likely to experience
rising temperatures and more frequent extreme weather
events. Winters are expected to become rainier, while
summers will become drier. For this reason, a sensitivity
analysis was carried out. LFG and methane production
was estimated by LandGem model. Site specific methane
generation rate has been calculated according to GMI
(Global Methane Initiative) methodology for Central
Eastern Europe [13].

Vinca is the site of Belgrade’s municipal landfill. The
biggest landfill in Serbia was one of Europe’s largest
uncontrolled landfills. In 2021. old uncontrolled landfill
is closed and new sanitary landfill (capacity of 5.500.000
tons of waste) started with operations. New landfill is built
in compliance with the regulations of Republic of Serbia
and EU landfill Directive. Beside new landfill, on site is
built Energy-from-Waste plant, that will treat 66% of
MSW that Belgrade currently generates.

In a first two years, 510.000 tons/year of waste will be
disposed of on the landfill. Next year amount of disposed
waste will be 368.333 tons. In fourth year, Energy-from-
Waste plant will be operational, so quantity of disposed
waste will drop to 170.000 tons/year. The closing year for
the Vinca landfill is 2041. In estimations, the k value used
for the calculations is 0.065 and L is 170.

2.2 GMI methodology

GMI methodology is used to estimate k-values for
different weather regimes. The inputs for the calculation
of k-values are waste composition data and local weather
conditions (average precipitation). All decaying waste is
divided in four waste categories with corresponding ky
values [10]:
1. Very fast decaying waste (k;) — food waste and other
organics.
2. Medium fast decaying waste (k) — garden waste (green
waste).
3. Medium slow decaying waste (k3) — paper and
cardboard, textiles.
4. Slowly decaying waste (ks) — wood, rubber, leather,
bones, straw, X4.

GMI methodology differs 5 precipitation regimes
shown in Table 1.

Table 1. Precipitation regimes in GMI methodology.

Regime Precipitatzion level
[mm/m?/year]
Wet > 700
Moderately Wet 600-699
Moderate 500-599
Moderately Dry 400-499

The values of regional k-values for specific landfill are
calculated as:

k =x1ky + x2kz + x3k3 + x4ks

where is k, — waste fraction, x, — waste type fraction.

3 Results and discussion

3.1 k-values estimation

GMI methodology is used for estimation of k-value on
Vinc¢a landfill. Sensitivity analyses is performed to
determine influence of a precipitation regimes on the LFG
and methane generation rate on the site.

Average composition of decaying waste is shown in Table
2.

Table 2. Composition of MSW on Vinca landfill.

Waste type fraction %

X1 27.0
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X2 18.0
X3 18.3
X4 12.4
Total 75.7

In table 3, precipitation levels and estimated k-values
used in sensitivity analyses are shown. Precipitation
levels are varied from -30% up to +30%.

Table 3. Precipitation regimes in GMI methodology.

rcelé?nithtign Precipitation level, k
p leVl:: L% mm/m?/year (1/year)
, 70
-30 483 0.0491
-20 552 0.057
-10 621
0.065
0 690
+10 759
+20 828 0.074
+30 897

3.2 LFG production on Vin¢a landfill

LFG and methane emissions generated on Vinca landfill
are shown in Figure 3.

MILLIONS

EMISSIONS, M*/YEAR

Fig. 3. LFG and methane emissions on Vinca landfill.

Results show that emissions will reach peak in 2042.
In that year, landfill will produce 48 mil m* of landfill gas.
In period of 30 years, Vinca landfill will produce 1.3
billion m* of landfill gas of which 668 million is methane.

3.3 Sensitivity analysis

3.2.1 LFG production

Results of sensitivity analyses for LFG production are
shown in Figure 4.

Millions

LFG production, m?/year

.

Fig. 4. LFG production on Vin¢a landfill in different weather
regimes.

Results shows that all cases follow the same pattern.
In drier climate, with less precipitation, generation of LFG
is slower in a first 20 years. If level of precipitation drops
for 30%, LFG production in peak year drops for 12.0 %.
In regimes with higher level of precipitations, LFG
production increases for 4.3%. After peak year, in drier
climate LFG generation will decrease with slower pace
compared to wetter climate. In 2061, 40 years after
opening, the landfill in moderately dry climate will
produce 19.5% more LFG compared to moderate climate.
If precipitation levels rise, LFG production will decrease
for 10.5% compared to moderate climate.

3.2.2 Methane production

Results of sensitivity analyses for methane production are
shown in Figure 5.

Hundreds

CH, production, tons

N~

Fig. 5. Methane production on Vinca landfill in different
weather regimes.

Quantity of produced methane is important because its
global warming potential is very high. It can be observed
that Vinca landfill will produce 397.491, 422.006,
440.927 and 455.948 tons of methane for precipitation
levels changing in range -30% / +30%.

Study of Chi at al. [14] shows importance of moisture
content in landfills. The highest methane yield is observed
at moisture content of 60 %. Too low or too high-water
content in landfill can significantly decrease methane
production. Study of Wangyao et al. [15] shows
difference in the methane emission for rainy and dry
seasons. During rainy season methane emission was about
5-6 times higher than winter season and summer season.
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4 Conclusion

Landfill gas and methane production on the biggest
landfill in Serbia has been predicted using LandGem
model. Specific k-values are calculated using GMI
methodology. Depending of climate regime k-value are in
arange 0.0491-0.074 1/year. Obtained results show that if
the precipitation regime shifts from moderate to wet LFG
production in peak year increases. In next years,
production of LFG declines faster compared to moderate
precipitation levels. If precipitation decrease, LFG
production also decreases compared to moderate climate.
This information can be used in planning recirculation of
leachate on landfill. If LFG is collected and used as
renewable source of energy effect on climate is greatly
reduced.
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