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Abstract: Landfilling of solid waste has been and continues to be among the most common practices
of solid waste disposal. This is particularly true for Jordan, where approximately 3.3 million tons of
municipal solid waste (MSW) is annually generated, with 90% of the generated amount disposed
into landfills. The main objective of this study is to estimate the quantities of landfill gas (LFG)
generated from the solid waste disposal and its potential as a source of clean energy in Jordan using
four different models, namely, GasSim 2.5, LandGEM, Afvalzorg, and Mexico Landfill Gas Model
V2 (MLFGM V2). Furthermore, the greenhouse gas (GHG) mitigation potential of LFG projects was
estimated. Currently, there are 18 active landfills that are distributed across the country. Based on
screening criteria, the landfills were grouped into three categories: five landfills were considered for
energy production, four were strong candidates for LFG collection and flaring, while the remaining
nine landfills do not receive enough waste to be considered for either energy recovery or flaring. The
total amount of LFG emissions was found to be 1.6 billion M® of LFG, while the landfill energetic
potential of the recovered LFG was estimated to be 34.8 MW. On the other hand, GHG mitigation
potential was assessed between the years 2020 and 2030, which was found to be 18 million ton CO,
eq. The proposed LFG energy recovery projects will lead to increased biogas contribution to Jordan’s
local renewable energy mix from a current level of 1% to 6%.

Keywords: waste to energy; landfill gas modelling; energetic potential; mitigation potential; Jordan

1. Introduction

Landfilling of solid waste has been and is still among the most common practices in
solid waste management worldwide [1]. In Jordan, solid waste management is mainly
the responsibility of municipalities. Currently, municipalities in Jordan produce approxi-
mately 3.37 million tons of MSW [2]. Ten years ago, the annual generation of MSW was
approximately 1.9 million tons when the population of the country was 5.8 million [3].
These figures show a sharp increase in MSW generation rate, which has been estimated to
continue to increase by approximately 3% annually [4]. Furthermore, the influx of refugees
has resulted in a 10% increase in the population [5] and is consequently reflected in the
increase in the amounts of the generated MSW by 0.5 million tons/year.

Food and paper are the largest fractions of the generated solid waste stream generated
in Jordan. The high organic content landfilled contributes largely to the GHG emissions
from the landfills. Landfill gas contributes significantly to climate change in terms of
methane (CHy4) and carbon dioxide (CO;). Methane has a global warming potential (GWP)
that is 28-fold higher than carbon dioxide over a 100-year timeframe [6].

The waste management sector in Jordan is the second-largest contributor of GHG
emissions. In 2010, GHG emissions from the waste sector accounted for 10.6% of Jordan's
total GHG emissions. More than 90% of the emitted methane in Jordan is from solid
waste disposal sites [7]. Currently, in Jordan, there are 18 landfills in operation, and the
Al-Ghabawi landfill is the largest landfill in the country, designed and operated as a fully
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engineered sanitary landfill with biogas and leachate management systems. Al-Akeeder
landfill is the second largest landfill that serves northern Jordan, which was lacking a biogas
and leachate management system until recently. From 2017, Al-Akeeder started operating
as a sanitary landfill with sanitary cells. Figure 1 shows a map of the currently operating
landfills in Jordan. The current landfills will continue to be operated until the year 2040.

A

North GRore
ider @AI-Rwashed

Mafrhq (Al-Hsseiniat)
® @AI-Safawi

Middle Ghore i
..AI-Humu @0ulail @North Badia

@®AI Ghabawi

(‘ @®Madaba
MaZra'a Ghor

Al-Lajjoon
Ny »
Fifa Ghore

@Jarf Al-Daraweesh

@Basta
@®Ma'an
@®Goura
@Aqaba Legend
Landfill ®
Border I

Figure 1. Operating landfills in Jordan (Developed by the Authors).

Being the two largest landfills of the country, Al-Ghabawi and Al-Akaider Al-Akaider
receive more than 60% of the total MSW generated in Jordan. Solid waste quantity is a main
input for landfill LFG models. The daily quantities vary largely between landfills—some
landfills receive as little as 20 tons per day, while other landfills receive quantities as high as
4300 tons per day. Al-Ghabawi and Al-Akaider receive the largest waste amounts, 4300 and
1300 tons per day, respectively (communications and interviews with landfills operators
and Greater Amman Municipality).

The physical composition of solid waste is an important characteristic of the generated
waste that should be known before the adoption of any management approach. Historical
on-site records on the composition of the solid waste disposed in each landfill do not
exist. However, several studies have been conducted to analyze the composition of MSW
generated in the Amman and Irbid areas, which are the main solid waste sheds that
are disposed into Al-Ghabawi and Al-Akeeder [8,9]. These studies revealed a trend in
data, showing a declining biowaste fraction, possibly as a result of changing consumption
patterns and lifestyle. The National Solid Waste Strategy reported that the national solid
waste composition is linked to the level of urbanization in each governorate of Jordan, as
shown in Table 1.
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Table 1. MSW composition based on level of urbanization [10].

Urbanization Index

Component 0-50% 50-75% 75-100%
Organics 0.65 0.57 0.50
Paper/Cardboard 0.09 0.13 0.15
Plastics 0.09 0.13 0.15
Metal 0.02 0.03 0.04
Glass 0.02 0.03 0.04
Textile 0.03 0.01 0.01
Wood/Garden 0.05 0.02 0.01
Miscellaneous 0.05 0.08 0.10
Governorates Mafraq, Kerak Jarash, Madaba, Aﬁiﬁt?,z};:ia,

Balqa, Tafilah, Ma’an Aqaba

1.1. Status of Jordan’s Energy Sector

Jordan is lacking domestic fossil fuel sources, and traditionally meeting the demand on
energy by importing most of its requirements. In 2017, Jordan imported 94% of its energy
requirements, while only 6% of the demand was met by local sources. This puts a heavy
burden on the Jordanian economy as the imported energy bill accounted for 8.5% of the
GDP in 2017 [11]. Furthermore, the energy sector contributes to 73% of the total greenhouse
gases emitted in the country [7]. As such, looking for indigenous clean energy sources
such as waste to energy will contribute to the energy security of the country and will
decrease the environmental burden of the energy sector by reducing the carbon emissions.
Renewable sources production accounted for 6% of the total energy production. By the year
2020, Jordan planned to reach 20% energy production from renewable sources. Currently,
biogas generated from MSW disposed into Jordan’s landfills makes up only 1% of the total
renewable energy generation capacity.

1.2. Waste to Energy Potential

Given the fact that Jordan is lacking in indigenous energy resources, with more than
90% of the country’s energy needs being imported [12,13], LFG recovery in Jordan will
serve as a means to provide green energy in the years to come, which will contribute to the
energy security of the country as well as to achieving many sustainable development goals,
especially SDG 7, which calls for affordable and clean energy.

Several studies have been conducted on waste to energy of MSW in Jordan. For
example, a study conducted by Abu Qudais and Abu Qdais [14] on the energy content
of MSW in Jordan reported that the energy recovery from the waste generated in Jordan
could account for 6% of the annual imported oil consumption of the country and may
result in annual saving of USD 24 million (at that time) on utilization. Al-Ghazawi and
Abdulla [15] estimated that landfill gas recovery from two landfills in Jordan (Al-Akeeder
and Al-Rusaifeh) will generate electricity at a cost of USD 0.046 per kWh, which is less
than the Jordan electric long-run marginal cost of generation, resulting in annual savings
of USD 4.65 million achieved by the replacement of fuel oil with the generated biogas (at
the time) [15]. Abu Qdais et al. [16] studied the energetic and methane emission reduction
potentials from Al-Akeeder landfill, the second largest landfill site in Jordan. Gas amount
and gas composition were estimated through models and validated using pumping tests.
The study estimated the projected potential from the landfill to be 4.5 MW at the expected
closure time of the landfill in 2020 [17]. Aljaradin estimated that approximately 340 kWh of
electricity can be generated from each ton of solid waste [18].
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The main objective of this paper is to estimate the amounts of the greenhouse gases
emitted from Jordanian landfills, assess their energetic content and determine the climate
change mitigation potential as a result of biogas recovery for energy production.

2. Methodology

The methodology that was followed in this study is presented in Figure 2. As can be
seen, the work has implemented in two main phases; the first phase is concerned with the
selection and application of the models. A comprehensive literature review was conducted
to find LFG models that suit Jordanian landfill conditions and availability of data. On
the other hand, in the second phase, the landfills were subjected to a screening process
and categorized into three groups based on the possibility of landfill gas collection and
utilization. The landfill emissions are then modeled to estimate the amount of the landfill
gas generated and the associated energetic potential as well as the level of GHG mitigation.

Literature Review

Landfill Data Collection
and Screening

Review and Assessment
of Models

Selection of Models

Landfill Biogas Modeling

{Not-Representative} Models Output
Assessment

Detailed Jordanian
Landfill Analysis

LFG Recovery for Energy LFG Recovery for flaring No LFG Recovery
Production

Second Phase

Assessing Landfill Estimation of GHGs
Energetic Potential reduction potential

Figure 2. Flowchart shows the methodology that was followed in conducting this study.

The literature review has resulted in acquiring knowledge about several first-order
decay (FOD) models to be considered for further inspection and adaptation to the con-
ditions of Jordanian landfills. In parallel, recent data on MSW-generated amounts and
composition as well as landfill-specific characteristics were collected. Parameters such
as the gas generation rate constant (k) and the gas generation potential (Ly), which are
widely used in biogas modelling, are not available for Jordanian landfills. Therefore, such
parameters were obtained from the literature on solid waste similar in characteristics to
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that in Jordan. Reviewing numerous research articles on landfill gas modelling and the
advantages and disadvantages of each model, the authors in [19-24] indicated that the
most commonly used model on a global level is the FOD model.

After the selection of the landfill gas models and checking the suitability of the models
to Jordanian landfills, the collected data were utilized to categorize Jordanian landfills with
regard to their emissions and energy recovery into three categories through landfills using
modified the Environmental Protection Agency (EPA) screening procedure adapted to the
Jordanian climate and landfill conditions [25]. The landfill categories are as follows:

i.  Landfill gas recovery for energy production,
ii. Landfill gas collection for flaring, and
iii. No landfill gas collection.

The landfills categorized for energy projects are modeled under their current operation
standards for a projected duration to estimate their energetic potential. Finally, assessment
of the impact of landfill gas collection for energy utilization projects at the landfills on the
mitigation of climate change impacts via greenhouse gas reduction potential, both in terms
of CHy flaring and oil substitution, was carried out.

Landfill Gas Models

Landfill gas models are widely applied to estimate the amounts of LFG produced from
disposal of MSW. There are several models that apply different orders of decay kinetics.
Moving from a first-order to a second-order model makes the modeling procedure much
more complicated and does not necessarily increase the accuracy of the results. Therefore,
the first-order models are the most widely used in simulating the gaseous emissions from
the landfills [24]. To estimate LFG generation and compare the modelling results, in the
current study, four first-order degradation (FOD) models were tested to model Jordan’s
landfills, namely LandGEM, Afvalzorg, Mexico Landfill Gas Model V2 (MLFGM V2) and
GasSim 2.5. FOD models have a linear relation between the maximum methane potential
production with per weight amount of MSW as well as an exponential relation with time
and rate of decay [21]. It is important to note that there is no universal model that can
be used in all cases. Different models have different applications as well as different
assumptions, advantages, and disadvantages [21,24].

3. Results and Discussion
3.1. Landfills Screening

In order to consider the actual status that is prevailing in Jordanian landfills and to
assess the potential candidate landfills for energy recovery, the landfills were subjected to a
screening process. The EPA screening procedure [25] was modified to suit Jordan’s landfill
conditions, where there is low annual rainfall, a high organic fraction in MSW stream and
unsanitary landfill conditions. Such conditions are affecting the biodegradation kinetics of
the solid waste [26] and consequently LFG generation. Landfills that scored 40 and higher
were considered by the initial screening as a candidate for energy recovery projects, while
landfills that scored between 20 and 40 were considered for the LFG flaring, and landfills
that scored less than 20 were not considered for LFG recovery and flaring. The results of
the screening and classification of the landfills into three categories are presented in Table 2.

As can be seen from Table 3, five landfills can be considered as candidates for LFG
recovery and energy production in Jordan, with Al-Ghabawi and Al-Akaider having
the highest scores. Further, four landfills are good candidates for LFG flaring, and the
remaining nine landfills are not suitable for either energy recovery or flaring.
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Table 2. Screening results of landfills for suitability of landfill gas recovery.

Landfill Name Score Screening Result
Al-Akaider 100
Al-Ghabawi 100
Al-Hsseiniat 40 LFG collection for energy recovery
Al-Lajjoon 40
Madaba 40
North Ghore 30
Al-Humra 30
Deir Alla 20 Collection and flaring of LFG
Al-Dulail 30
North Badia 15
Aqaba 15
Al-Mohamadeah 10
Basta (Ail dumpsite) 10
Ma’an 10 Not suitable for energy recovery or flaring
Jarf Al-Daraweesh 10
Al-Qawiera 10
Al-Barkah 10
Al-Samar 10

Table 3. Energetic potential of the LFG recovery from Jordanian landfills.

Landfill Landfilled Waste Estimated Collection Power Generation
Amount by 2030 Efficiency Capacity 2020-2030
Al-Ghabawi landfill 37 million tons 85% efficiency 18 MW
Al-Akeeder landfill 16.5 million tons 75% efficiency 6.5 MW
Al-Hsseiniat Landfill 10 million tons 70% efficiency 4 MW
Al-Lajjoon Landfill 9.5 million tons 65% efficiency 3.75 MW
Madaba Landfill 7.6 million tons 65% efficiency 2.6 MW

3.2. LFG Modelling Results

Estimation of LFG generated from solid waste landfilling is an initial step in assessing
the energetic potential and GHG reduction potential of the considered landfills. Harmo-
nization of results plays an important role in developing a national inventory. Compared
to other LFG estimation methods, LFG modelling lends itself as a method that provides
prompt results with a minimal cost [24]. Even when the model’s estimation may vary from
actual LFG collected, the harmonization of the model or models used will provide results
that are more comparable, more consistent, and more transparent [19].

LandGEM, Afvalzorg, GasSim 2.5 and MLFGM V2 were used to estimate the LFG
production rates in Jordan's landfills. To illustrate the modelling results, Figures 3 and 4
present the modeling results for Al-Ghabawi and Al-Akaider LFG production rates, respec-
tively. These landfills receive more than 60% of the solid waste in Jordan. Consequently,
the two landfills have the highest LFG production rates as compared to other landfills
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Figure 3. Al-Ghabawi landfill LFG production using FOD models until the year 2100.
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Figure 4. Al-Akeeder landfill LFG production using FOD models until the year 2080.

As shown from Figure 3, LFG production will reach a maximum in the year 2031,
which is one year after the expected closure of the landfill. The four models predict different
values of biogas production, and the Afvalzorg and LandGEM models predict the highest
amount, with a peak value of approximately 24,000 and 23,000 M3 /h, respectively. On the
other hand, the GasSim and MLFGM models predict the lowest values of gas production
as compared to the other two models, with a peak of approximately 19,000 M? /h. Similar
trends were observed for LFG production from Al-Akeeder but with lower peak values
that range from 7.2 to 9 million M3 /h (Figure 4), as the size of the landfill is smaller than Al-
Ghabawi. The size of the landfill also has an impact on the duration of LFG production in
the post closure period. As shown from Figure 3, the LFG in Al-Ghabawi will be continued
until the year 2100, while will be emitted in Al-Akeeder until the year 2080. This suggests
the need for a post closure monitoring even after quitting the LFG recovery [27]. For the
other three candidate landfills for energy recovery, namely Al-Hsseiniat, Al-Lajjoon and
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Madaba, the LFG modeling process revealed similar findings, but with lower amounts of
biogas production rates.

3.3. Models Verification

To verify the models’ findings, the simulated amounts of LFG were compared with
the actual amounts generated from landfills. The only landfill in Jordan that keeps records
on the generated amounts of LFG is Al-Ghabawi, as a biogas plant was put recently into
operation at this landfill (mid 2019). Modeled results of Al-Ghabawi three sanitary cells
compared with the actual collected LFG amounts. The Al-Ghabawi 4.8 MW plant is the
only operating LFG energy facility in Jordan. The LEG collection data are only available for
the first months of operation. Approximately 2400 M3 /h of LFG is currently being collected
as indicated by the LFG plant daily records. Figure 5 shows the results of simulated LFG
from Al-Ghabawi using the four LFG models as compared to the actual generated amount
of biogas from the three cells. Figure 5 indicates that all the models used predicted higher
amounts of LFG than the collected amounts—the amounts predicted by the LandGem and
Afvalzorg models were the highest and similar to each other. Using the LandGem and
Afvalzorg models for modelling LFG in South Africa, Njoku et al. (2020) [28] reported that
the two models predicted similar amounts of LFG. Furthermore, as shown from Figure 5,
LFG predicted by the GasSim model is the closest to the actual generated amount. Similar
results were obtained by different researchers, who reported that simulated amounts using
different LFG models are higher than the actual collected amounts as reported in [22,24,29],
as there is a certain level of uncertainty in modelling [30]. Such uncertainty may be
attributed to several reasons. The first reason is relevant to the availability of specific
values of L, which are not available for the solid waste in Jordan. Therefore, values for
such parameters were obtained from the literature [31]. Another reason is that the models
assume ideal conditions for biodegradation prevailing within the landfill body, while in
fact some of biodegradable waste is stored in closed plastic bags which are resistant to
biodegradation. Finally, some of the methane generated is oxidized or migrated from the
landfill or even lost as a result of the fires that took place in the landfills [16].

_l
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Figure 5. Comparison of the LFG modelling results with the actual collected amounts of LFG from
Al-Ghabawi.
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3.4. Energetic Potential of Jordanian Landfills

It is important to note that in addition to the mitigation of greenhouse gases (GHG),
LFG recovery will generate energy which should be subjected to technical and financial
analysis [32]. For a country such as Jordan, where energy import puts a heavy burden of the
country’s economy, it is necessary to investigate any potential renewable energy source such
as LFG [33]. Therefore, an assessment of the energetic potential of LFG in Jordan’s landfills
that scored 40 or higher in the screening process was conducted. According to the screening
process, Al-Ghabawi, Al-Akaider Al-Hsseiniat, Al-Lajjoon and Madaba are all candidates
for energy recovery projects. The power generation capacity of the mentioned landfills
considered for LFG energy projects is presented in Table 3. Thompson et al. reported that
500-540 M3 /h LFG at 50% CHy is necessary to generate 1 MW electricity [20]. Based on the
LFG generated volumes in Al-Ghabawi of 2400 M3 /h, the estimated power generation is
approximately 4.8 MW. The average methane concentration at Al-Ghabawi according to
LFG well records is approximately 50%. The power generation capacity is calculated based
on 520 M3 /h LFG at 50% CHy for 1 MW of electricity. Table 3 shows the energetic potential
of the candidate landfills for energy recovery. As can be seen, the highest energetic potential
is for Al-Ghabawi, 18 MW, while the lowest potential is for Madaba, approximately 2.6 MW.
The total energetic potential from all the landfills is 34.85 MW.

Collection efficiency and methane oxidation are significant factors in assessing the
amount of the collected LFG and consequently the energetic potential of the landfill [34]. In
an engineered landfill with proper cover and a LFG extraction system, collection efficiency
can reach 90% [35]. Considering the history of the operational practices of landfills in
Jordan and based on the site inspection conducted by the researchers, in Al-Ghabawi,
some of the operating gas wells are suffering from leachate infiltration, which prevents full
utilization of LFG, while the closed cell cap is poorly maintained Al-Akeeder, where some
of the gas is emitted out of the cell to the atmosphere.

3.5. Climate Change Mitigation Potential

Unlike the global average of a 5% contribution to the GHG emissions from the waste
sector, the Jordanian waste sector contributes to 10% of the total GHGs emitted from
all sectors in the country [2]. The combined emission reduction potential of the LFG to
energy projects from Jordanian landfills was estimated for the period 2020-2030. The
estimations considered the LFG collection efficiencies of each landfill. Furthermore, the
mitigation potential estimates took into account the direct emission reduction as a result
of LFG recovery for energy production, as well as the indirect emission reduction due the
substitution of the fossil fuel with a renewable source of energy (LFG). The substitution
of 1 MWh from fossil fuel is equivalent to 0.707 tons of CO5eq [30]. The global warming
potential of methane used in the calculation was based on 1 ton of CHy and is equivalent to
28 tons of CO;, [6]. During the 10-year period, the mitigated CO, emission from the five LFG
to energy projects will be approximately 18 million tons of CO, equivalent. The mitigated
CO; consists of 16 million tons of CO, equivalent as a result of utilizing 569,000 tons CHy
and 2 million tons of CO; equivalent from oil energy substitution.

Considering the LFG mitigated amount during the 10-year period (2020-2030) is
18 million tons CO,eq, the average annual amount is 1.8 million tons COyeq. In 2019, the
population of Jordan was 10.1 million, which implies that the annual per capita emission
was 178.2 kg /person. This is greater than the emitted amount in Germany and China,
i.e.,, 87 and 117 kg CO, equivalent/person, respectively. However, the emitted amount
in Jordan is less than that emitted by the EU countries, 189 kg CO2 equivalent/person
in 2019 [36].

The mitigated CO, emission provides an additional revenue source, which renders
such projects more economically feasible. Kurbatova and Abu Qdais [37] used the mul-
ticriteria decision making process to select the best waste to energy option for the city
of Moscow. The researchers reported that based on several criteria, the landfill biogas
option ranked the first among other waste to energy technologies. Another study [38]
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conducted in Jordan concluded that the best waste to energy technology for Jordan is biogas
from landfills.

4. Conclusions and Recommendations

Jordan is a country that is mainly dependent on imported energy sources. Unlike the
global average of 5%, the waste sector in Jordan contributes to 10% of the total emitted
GHGs from all sectors. The annual amount of MSW generated in Jordan is approximately
3.3 million tons, which is currently landfilled in 18 official landfills across the country.
Assessing Jordan’s landfills for energy recovery from LFG revealed that out of 18 landfills
currently operating in Jordan, 5 landfills can be utilized for LFG collection to produce
energy, 4 landfills can be operated with LFG flaring, and the remaining 9 landfills are not
convenient for either energy production or LFG flaring.

Four LFG models were used and tested to estimate the amounts of biogas generated
from Jordanian landfills. The amount of biogas that can be recovered is approximately
1.6 billion M3 /year. Utilizing such amounts of LFG will have an energetic potential of
34.85 MW and will increase the contribution of biogas in the total renewable energy
resources of the country from its current level of 1% to 6%. Furthermore, LFG recovery for
energy and flaring will result in mitigating 18 million tons of CO;, eq of the GHG emissions.
Modelling of LFG production from landfills revealed that different models predict different
amounts of LFG, but the predicted amounts were always greater than the actual recovered
and collected quantities of LFG.

Models are useful tools in predicting and simulating the LFG from landfills, and
accurate quantification of LFG can guide climate change mitigation strategies. However,
the availability of data on solid waste quantities, characteristics and landfill operating
practices is a prerequisite for accurate modelling. In the absence of country-specific data,
default emission factors reported in the literature are used. Using such factors is reflected
in the accuracy and certainty of the results. For Jordan, it is recommended to have national
emission factors, so as to obtain reliable and accurate results with an acceptable level
of certainty.
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