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Abstract: Municipal solid waste (MSW) decomposition in a
landfill produces what is called “landfill gas” (LFG). LFG
contains methane besides other gases. It can be utilized for
energy generation and, thus, reduce its emission into the
atmosphere and its adverse impact on global climate.
Exploitation of LFG is critical for Basrah city, Iraq (one of
the hottest spots in the world) to reduce its demand for
non-renewable fuels. This study aims to compare the elec-
trical power generation potential from MSW in Basrah city
adopting two scenarios: (1) LFG and (2) refuse-derived fuel
(RDF) with LFG. In the first scenario, all MSW components
are dumped into the landfill and the LFG is converted to
energy. However, in the second scenario, only the organic
wastes are dumped into the landfill and the RDF compo-
nents are incinerated. Thus, energy will be produced from
both the LFG and RDF. For both scenarios, LandGEM software
was used for quantifying the LFG. The study results showed
that the annual rates of electrical energy generation by the
first and second scenarios for the period between 2022 and
2035 varied in the ranges of 4.3-9.1 MW and 26.4-36.1 MW,
respectively. Therefore, the application of RDF with LFG is the
better choice for electrical power generation from MSW in
Basrah city.
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1 Introduction

Globally, the annual quantity of generated municipal solid
waste (MSW) is estimated to be 3.4 billion tons by the year
2050 [1]. This huge quantity of MSW needs to be managed
properly; otherwise, its impact on the ecosystem can lead to
serious problems. Improper MSW management can cause
climate change and ocean pollution worldwide. Regionally,
it can lead to water, air, and soil pollution and impact public
health. Thus, the management of MSW is currently regarded
as a significant environmental challenge, in addition to being
an economic concern [2]. The difficulties associated with
MSW management can be attributed to its highly diverse
composition, the proximity of the waste generated to the
residents, and the significant public attention it receives [3].

The generation rates of MSW have increased in devel-
oping countries due to the increase in population growth
rates and urban expansion, in addition to the rise in living
standards [4]. The disposal of MSW in these countries, such
as Iraq, still forms an environmental problem since it is
mainly done by dumping the waste into open or closed
landfills without making beneficial use of this resource.
This disposal method is continuously requiring more sur-
face area for constructing the landfill sites and the adverse
environmental impacts of these sites began to creep near
the residential and industrial areas such as the case pre-
sent in Basrah Governorate/southern Iraq.

A fraction of MSW is biodegradable organic wastes
which include animal and vegetable wastes resulting from
various activities like storage, preparation and sale, cooking,
and serving. Organic wastes have long been considered use-
less materials and a source of environmental pollution. But,
this view began to change toward a positive trend in recent
years, after the success of converting it into a clean source
of energy and producing fertilizers for soil fertilization, with
expectations that in the future will form an important energy
mine and an alternative source of natural raw materials
in many economic sectors in light of depletion of natural
resources.
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A sustainable MSW system must include a complemen-
tary procedure to reduce the quantity of generated waste by
following economic methods without harming the environ-
ment. This procedure may include the separation of waste at
the source and/or disposal site for the sake of material recy-
cling and energy recovery. The production of energy from
MSW is one of the significant steps in achieving sustainable
MSW management. It can be accomplished using different
technologies such as [5] biological conversion technologies
by which biogas is produced and then used for generating
electricity or thermal energy and thermal conversion techni-
ques such as mass burning incineration and gasification.
Mass burning incineration of MSW is a widely used tech-
nology for the production of electricity and steam. Gasifica-
tion converts organic materials in MSW into other forms of
energy without actually burning them. In addition, the
recovery of energy from MSW has many economic benefits
as indicated intensively by U.S. EPA [6].

The anaerobic decomposition of organic matter in a
sanitary landfill produces a gas usually called “landfill gas”
(LFG) [7]. This gas contains methane at a percentage of
40-60%, besides carbon dioxide and other minor gases
[8]. The mechanism of methane gas production by the
decomposition of organic matter was described by Mixtli
et al. [9]. Methane gas is a viable source for energy produc-
tion, and at the same time it may lead to fires and explo-
sions at landfill sites and subsequently may lead to loss of
nearby lives and properties. Its use as a source of energy
will reduce its emission into the atmosphere and thus its
impact on the greenhouse phenomenon [10]. Besides that,
although Iraq is the second-largest oil producer in OPEC
and has the fifth largest oil reserves, its refining infrastruc-
ture is currently the bottleneck and needs to be upgraded
to process much more crude oil. Thus, the investment of
LFG as a resource for energy recovery will reduce both
fossil fuel consumption and the bad environmental impact
of releasing methane gas from landfill sites.

LFG can be produced by dumping unsorted MSW at
the landfill, or by dumping only the organic components at
the landfill, and the remaining inorganic components are
extracted to be recycled (such as metals, glass, and alu-
minum) or used for the production of refuse-derived fuel
(RDF). RDF includes MSW components capable of produ-
cing steady fuel that is ready for burning in power genera-
tion plants or fuel for thermoelectric plants [11]. Typically,
the extracted amount of RDF can be 240 kg/ton of MSW [12].
The RDF consists of components of MSW that have high
calorific fractions such as plastics, papers, wood, corru-
gates, and textiles. The use of RDF as fuel is dependent
on the calorific value, ash content, water content, sulfur
content, and chlorine content [13].
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Basrah city is characterized as one of the hottest spots
in the world. This meteorological status of the city
increases its rate of electricity power demand. To the pre-
sent day, non-renewable energy resources such as crude
oil, natural gas, and light oil are used for operating all the
electrical power generation plants in Basrah city. Thus, as
the need for power increases, more non-renewable fuels
will be exerted, and the financial and environmental con-
sequences of crude oil extraction and processing will
increase. The consumption of non-renewable fuels in
Basrah city can be reduced by exploiting renewable energy
resources such as LFG and RDF.

Concerning the management of MSW in Basrah city, two
previous studies were conducted. Abbas et al [14] investi-
gated the composition and generation rate of MSW in Basrah
city during the years 2008-2012. They pointed out that the per
capita rate of MSW generation was 0.62 kg/day, and the per-
centages of food, plastic, and paper in Basrah MSW were 54.8,
25.2, and 7.0%, respectively, and recommended the use of
incineration and recycling for reducing the quantities of
dumped waste at the landfill. Abbas et al [15] studied the
potential of generating energy from MSW in the Basrah gov-
ernorate using mass incineration (incineration of all MSW
components) based on MSW characteristics during the years
2010-2014. They estimated the per capita rate of MSW gen-
eration to be 1.4 kg/day, and the percentage of food waste was
60.5%. They found that the electricity produced by mass incin-
eration of waste may reach 270 MW in the year 2036.

Previous studies did not consider the exploitation of
LFG (renewable natural gas) and/or RDF for electrical
power generation in Basrah city. To fill this gap, this study
aims to investigate the potential of electrical power gen-
eration from MSW collected in Basrah city by adopting two
scenarios: (1) LFG and (2) RDF with LFG. In the first sce-
nario, all the MSW components were proposed to be
dumped at the landfill, and the resultant LFG (methane)
will be used for electrical power generation. However, in
the second scenario, only the highly decomposed MSW
components (organic wastes) were proposed to he dumped
at the landfill, and the RDF components were incinerated.
Thus, energy will be produced from both LFG and RDF.

2 Methodology

2.1 Work program

The work program of this study was prepared by adopting
the procedure illustrated by the block diagram shown in
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Figure 1. In the first step, the collected data about Basrah
city included MSW management scheme, records of annual
MSW production and city populations, and climatic
conditions.

2.2 MSW management in Basrah city

Basrah city is the largest city of Basrah governorate/
southern Iraq (Figure 2) with respect to population. Basrah
governorate is located within longitudes of (46°60'-48°60")E

‘ Collection of data related to Basrah city ‘

v

‘ Primary collection of MSW samples ‘

v

Analyzing the composition of the
primary collected waste samples

v

Deciding the required number of final waste
samples using a statistical approach

v

Collection of final waste samples

v

Analyzing the composition of the final
collected waste samples

v

‘ Categorization of MSW in Basrah city ‘

v

‘ Prediction of Basrah city population till the year 2035 ‘

v

’ Determination of MSW generation rate ‘

v

Estimation of annual MSW production during
the period of landfill life time

v

Application of LandGEM model for estimating the
annual production of methane gas

v

Arrangement of LandGEM model results
into Excel worksheet

v

Determination of annual production of
electrical energy using LFG

v

Determination of annual production of
electrical energy using LFG and RDF

Figure 1: Procedure of the study work program.
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and latitudes of (29°13'-31°29)N. It is bordered by three
Iraqi governorates (Maysan, DhiQar, and Al-Muthanna),
Iran, Kuwait, and the Arabian Gulf. The climate of Basrah
city is arid and hot. Concerning the subject of this study,
rainfall is the most important meteorological factor that
affects the production of LFG. Generally, the rainy season
in Basrah city extends over 8 months (Oct-May). Al-Muhyi
and Aleedani [16] studied the temporal variation of rainfall
quantity in Basrah city for 50 years (1970-2019). They
showed that 1 of 50 annual averaged rainfall values has
exceeded 250 mm, which was in the year 1986. According to
the data recorded at the Hi Al-Hussian Meteorological Sta-
tion in Basrah city and obtained from the Iraqi Meteorolo-
gical Organization and Seismology (IMOS), the monthly
average relative humidity varies from 59% (in Jul) to 76%
(in Nov-Jan) and averages 69% yearly. The monthly aver-
aged temperature in Basrah city varies between 8°C (in Jan)
and 46°C (in Aug). The prevailing wind direction in Basrah
city is northeast during which the average wind speed is
2.7m/s.

MSW generated in Basrah city is managed by the
Basrah Municipality Directorate. The management plan is
based on dividing the city into six zones. Each zone is
divided into several divisions, and each division is subdi-
vided into partitions for the intent of MSW collection [14].
The waste is collected from the trash containers by vehicles
of mobile mechanical waste compactor type. The vehicles
transport the collected waste to a transfer station at which
a simple waste sorting process is performed by poor people
who collect plastic, ferrous, and aluminum wastes and seal
them in a local recycling factory. Then, the waste is trans-
ported to the final disposal site in a sanitary landfill using
dump tracks.

The sanitary landfill for Basrah city is located at
Chwabedian area in AL-Berjesia zone/Zubair city (Figure 3).
Its center is located at the latitude and longitude of 30°23.5N
and 47°31.25E, respectively [17]. The landfill surface area is
(400 x 600) m% and its depth varied over the range 12-14m
[18]. The landfill operation was commenced in 2010, and it is
expected to end in 2035, considering 80% of its area will be
occupied by waste and the remaining 20% be left for services
(roads, garages, etc.) [8].

A complete description of MSW management in
Basrah was presented by the Japan International
Cooperation Agency/Yachiyo Engineering Co., Ltd. in a field
study funded by the Iraqi Ministry of Construction and
Housing and Municipalities and Public Works in 2022
[18]. In this study, MSW management in Basrah gover-
norate was described, intensively, including the details of
Basrah landfill facilities. These facilities include the fol-
lowing: (1) storm water drainage system, (2) leachate
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Figure 2: Profile of Basrah governorate: (modified following https://humanitarianatlas.org/irag/atlasmaps/basraha.pdf).
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Figure 3: Location of Basrah landfill.

collection system completed with a storage tank, (3) weigh-
bridge, (4) waste disposal platform, (4) tire wash facility,
and (5) control office, fence, and gate. The landfill site does
not incorporate a gas collection system, and the waste cells
are below the ground level. From the aforementioned
description of the MSW management status in Basra city,
it can be noticed that there is no beneficial use of this
waste. Subsequently, the city lacks sustainable MSW man-
agement, and this issue highlights the necessity of this
study for the decision-makers.

2.3 MSW sampling

For a specific city, the composition of MSW varies with
place and time due to the variation of climatic conditions,

income level, in-home management of food waste, and

industrial production. Thus, the method of waste sample

collection and the number of samples are very important
in analyzing the composition of MSW. The composition of

MSW generated in Basrah city was analyzed by taking

waste samples from Hamdan transfer station (HTS) fol-

lowing the standard ASTM D5231-92 [19]. Adopting this
standard, the recommended sample weight ranges from

90 to 120 kg. Therefore, a waste sample of 100 kg was col-

lected. The composition of each sample was analyzed

manually by adopting the following procedure:

1. A platform scale of 150 kg capacity and 0.02 kg accuracy
has been put on a flat area in the HTS.

2. The scale was calibrated using a known weight of sand
sample.

3. A trash vehicle was informed to unload its contents at a
clean area in the HTS.

4. A pre-weighed plastic bag was put at the scale and filled
randomly with MSW until the scale reading reached a
value of 100 kg.

5. The weighted plastic bag contents were emptied on a
clean plastic mat.

6. The waste sample was sorted, manually, considering the
waste categories presented in Table 1.

7. Each waste category was put in a pre-weighed container
and weighed.

To analyze the waste composition, the necessary
number of waste samples was determined based on sorting
14 primary collected waste samples. These samples were
sorted into 12 categories listed in Table 1. The number of
final collected waste samples (n) was determined as fol-
lows [19]:
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Table 1: Description of MSW categories

Category Description

Mixed paper All papers (office, computer, magazines, glossy,
waxed newspaper, and newsprint)

Corrugated Corrugated (medium, box, carton, and cardboard)
and brown paper bags

Wood Lumber, wooden products, pallets, and furniture

Plastic All plastics

Ferrous All iron and steel fragments

Glass All glass

Food waste All food waste except bones

Nappies All types of nappies

Aluminum Aluminum (cans and foil)

Garden waste Plant residues

Textile Blankets, clothes, wool, and synthetic textiles

Others Anything which does not fit into the above

categories such as sand, ceramic, ash, dirt, etc.

t*s)?

e-X

M

n=

where t* is the Student’s t-statistic at the desired confidence
level, s and X are the standard deviation and mean for each
waste category weight fraction, respectively, and e is the
desired precision level. In this study, t* was obtained from
the t-distribution table for a two-tailed test [20] considering
a confidence level of 90%, and e was specified to be 10%.

2.4 Determination of MSW composition and
generation rates

After the manual sorting of waste samples, the wet weight
of each waste category was taken, then a subsample was
taken from each category waste and put into a plastic bag.
The subsamples of all the waste categories were transported
to the laboratory within a time duration not exceeding 4 h for
analyzing both their wet and dry mass values. Each of these
subsamples was weighed using an analytical balance and
then dried in an oven at a temperature of 105°C for a duration
of 24 h. Then, the subsample was cooled to room temperature,
and the dried weight was measured for the intent of moisture
content determination.

The annual rate of MSW generation in Basrah city (ton/
capita/year) was estimated using recorded populations and
annual quantities of MSW for the period 2014-2019.
Population records were obtained from the Iraqi
Ministry of Planning/Central Statistical Organization. The
future population was predicted by best fitting the popula-
tion records for the years 2010-2019 (Figure 4), and the
developed equation is as follows:
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Figure 4: Population records of Basrah city during the period 2010-2019.

Pryture = 28,1661, + 10°, 2

where ny is the years’ number measured from the base
year 2010. Using Equation (2), the population data were
extrapolated until the year 2035, which is the proposed
year of closing the existing landfill.

2.5 Estimation of methane gas emission

In this study, LandGEM (Landfill Gas Emissions Model) soft-
ware, version 3.02, was used to estimate methane gas emission
from the landfill of Basrah city. LandGEM was developed by
USEPA in 2005, assuming that the bhiodegradable waste is
decomposed following a first-order equation. It can be applied
to estimate the emission rates of different gases from landfills
including methane and carbon dioxide [21]. In this study,
LandGEM software was chosen because it is freely available
and presents a simple methodology for predicting the LFG
emissions. Besides, it includes default parameters based on field
data collected from existing landfills in the USA and depends on
International landfill regulations [22]. LandGEM was developed
using Excel software. It includes nine Excel spreadsheets. The
function of each spreadsheet is illustrated in Table 2.

Although the LandGEM model is based on waste spe-
cifications and climatic conditions for the areas of the USA,
it can be applied to other areas around the world by imple-
menting field data for determining the model parameters
instead of the default ones [22,23]. In this model, both the
production percentages of carbon dioxide and methane
gases were assumed to be 50% of total gas emission [22].
The LandGEM model was used for estimating the gaseous
emission in many previous studies [4,10,23-27]. By
adopting this model, the annual generation rate of
methane gas is estimated as follows [21]:

m 1 M
Ometn = Z Z kLoll_()l]e_ktij: 3
i=1j=01
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Table 2: Details of LandGEM Excel spreadsheets
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Sheet no. Function

Model description and application

Review and print of input data
Estimation of methane emission

© oo No vk~ WwWwN -

Input of data related to the landfill life time, model parameters, simulated gases, and MSW dumping rates
Adjustment of the default gas characteristics and addition of new gases

Presentation of yearly gas emission results for up to four gases in a tabulated form
Presentation of yearly gas emission results for up to four gases in a graphical form
Presentation of all the gases emission results in a specific year in a tabulated form
Presentation of the final report summarizing all the input and output data in a tabulated form

where Quen is the annual generation rate of methane
(m®fyear); i and j are time increments of 1 year and 0.1 year,
respectively; m is the time duration (year) from the start of
waste dumped at the landfill and the considered year; k is the
methane generation rate constant (1/year); Lo is the capacity of
methane generation potential (mg/Mg); M,; is the mass of waste
dumped in the ith year (Mg); and ¢; is the age of the jth section
of waste mass dumped in the ith year (decimal years).

2.5.1 Methane generation rate constant

Methane generation rate constant (k) represents the rate of
methane gas production by anaerobic waste decomposi-
tion. Its value varies according to waste temperature and
PH, moisture content, availability of nutrients for bacteria,
and waste composition [28]. The typical values of k, as used
by the U.S. EPA, were 0.02 and 0.07 for arid and wet sites,
respectively [29]. The k dependency on moisture content is
defined in terms of precipitation (average annual rainfall,
P, in mm) using the following equation [30-32];

k =0.000032 P + 0.01. @

The k dependency on hoth waste composition and annual
rainfall is shown in Table 3. In this study, methane generation
rate constant (k) was calculated as the average value of the
typical one obtained using equation (4), where the P-value was
determined using meteorological data of rainfall in Basrah city
for the period 2009-2021, which was equal to 92.2 mm, and that
obtained using the data presented in Table 3.

2.5.2 Methane generation potential capacity

The amount of methane generated per cubic meters per
mega gram (Mg) of waste decomposed (which is called the
capacity of methane generation potential, Lo) depends
mainly on the composition and biodegradability of MSW.
According to the Clean Air Act, the typical Lo value for arid

areas (such as Basrah city) is 170 m*Mg [33]. However, if
data regarding MSW composition are available, Table 4 can
be used to determine L. In addition, Lo value was speci-
fied to be 132.8, 14.8, 62.6, 72, and 300.7 mg/Mg for paper,
textile, wood, garden waste, and food waste, respectively
[24,34]. In this study, Lo was specified by taking the average
value of typical values for arid areas (Table 4), and that
obtained from the aforementioned references.

2.6 Estimation of electrical energy
production potential

2.6.1 LFG scenario

The use of methane emission for electrical energy genera-
tion can reduce air pollution and concurrently minimize
the fossil fuel demand to generate electricity. The annual
production of electrical energy using methane gas as a fuel
can be calculated as follows [5,25,26]:

Qmeth - - LHVipetn Neol ‘R
3.6 ’

EEmeth = (5)
where EE e, is the annual electrical energy production (kW h),
Qe 15 the methane gas flow rate (m%year) obtained using
LandGEM software, n is the electrical conversion efficiency
(33%), LHV;eqp, is the low heat value of methane gas (372 M]/m3),

Table 3: k values versus annual rainfall and biodegradation rate [7]

k values (year ") at the indicated
biodegradation rate

Annual
rainfall (mm)

Slow Moderate Rapid
<250 0.01 0.02 0.03
(250-500) 0.01 0.03 0.05
(500-1,000) 0.02 0.05 0.08
<1,000 0.02 0.06 0.09
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Table 4: [, values for different waste categories [6]

Waste category Lo (m*/mg)

Value range Average
Slowly biodegradable waste 5-25 15
Moderately biodegradable waste 140-200 170
Highly biodegradable waste 225-300 262.5

Nea is the efficiency of methane gas collection system (75%),
and R is the recovery rate of methane gas (90%) [26].

2.6.2 RDF with LFG scenario

The annual electrical energy generated by RDF incinera-
tion can be calculated as follows [25]:

_ Mgpp-n-LHVgpe

EErpr = 36 , (6)

where EEgpr is the annual electrical energy generated by
RDF incineration (kW h), Mgpr is the dry mass of RDF (ton/
year), LHVgpr is the low heat value (or energy content) of
RDF (kJ/kg), and n is the conversion efficiency which is
equal to 0.18 for RDF incineration [4].

The LHV of each RDF component is presented in Table 5
in relation to the dry weight of that component. Thus, to find
the LHVypr value, the average dry weight of each RDF com-
ponent is required.

The total electrical energy produced by RDF with LFG
(EEy) is obtained as follows:

EET = EERDF + EECH4- (7)

3 Results and discussion

3.1 MSW composition

After categorization of each MSW sample, the recorded
weight of each waste category is entered in an Excel

Table 5: LHV of different waste types [8]

Waste types Energy content (kj/kg)

Mixed paper 16,747
Corrugated 16,282
Wood 18,608
Plastic 32,564
Textile 17,445
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worksheet. Then, for specific waste category, the mean
and standard deviation of the weight values recorded for
a number of waste samples were obtained and divided by
100, since the sample weight was 100kg, as stated in
Section 2.3. The mean and standard deviation for the
weight fraction (weight of a specific waste category divided
by 100) of all the 12 MSW categories are shown in Table 6. If
wood is selected as the governing component, then s =
0.008 and x = 0.029, and Equation (1) gives an n value of
21 after substituting the t” value of 1.645. Now, to check if
this n value gives an error not exceeding 10%, the t
values for n equal 20 and 21, which were obtained
from the t-distribution table, which are 1.725 and 1.721,
respectively. A new n value was obtained by substituting
at value of 1.725 and the number of samples was 23. The
new n value was compared with the old one, and the
percent of error was 9.52%, which is less than 10%.
Thus, the composition of MSW in Basrah city can be
decided based on a number of samples not less than
23. In this study, the composition of MSW in Basrah
city was analyzed based on the sorting of waste samples
during a period of 4 months (Nov and Dec in 2022 and Jan
and Feb in 2023). The total number of samples was 96 (24
samples during each month).

After the manual sorting of each of the 96 waste sam-
ples, MSW composition in Basrah city for 4 months (Nov
and Dec in 2022 and Jan and Feb in 2023) is presented in
Table 7, along with the average composition of the 4
months. From this table, it can be shown that the biode-
gradable organic components (food and garden waste)
comprised about 50.52% of MSW, while the RDF compo-
nents comprised 36.09% of the MSW.

Table 6: Standard deviations and mean values for MSW category weight
fractions

Category Standard deviation Mean
Food waste 0.021 0.489
Mixed paper 0.007 0.076
Corrugated 0.005 0.074
Wood 0.008 0.029
Plastic 0.014 0.129

Ferrous 0.005 0.019
Glass 0.008 0.015

Nappies 0.009 0.077
Aluminum 0.004 0.01

Garden waste 0.003 0.005
Textile 0.006 0.065
Others 0.004 0.0m1

Sum =1.00
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3.2 Temporal variation of MSW composition

The temporal variation of daily MSW composition in
Basrah city is shown in Figure 5 considering 13 daily sam-
ples during the period 15th-27th Nov 2022. The figure
reveals some daily variations in waste composition. How-
ever, food waste is the main component of MSW in Basrah
city and has the maximum percentage. It is followed, in
sequence, by plastic (mainly empty bottled water), mixed
paper, corrugated, textile, nappies, ferrous, aluminum, and
garden waste. This sequence of MSW categories matches
the findings of Bhat et al. [35], who showed that vegetable

Table 7: Components of MSW in Basrah

DE GRUYTER

and food wastes form the major part of the MSW followed
by plastic and other waste categories.

Figure 6 shows the temporal variation of monthly
averaged MSW composition. It can be shown from this
figure that the variation in monthly averaged MSW com-
position is insignificant. This can be attributed to the
meteorological condition during the study period, which
was relatively cold months.

3.3 MSW generation rate

The records of annual MSW quantities produced in Basrah
city were obtained from the Municipality Directorate of
Basrah city. These records along with their corresponding
population records during the period 2014-2019 were used

Category Composition (%) . o )
to estimate the rate of MSW generation in Basrah city. The
Nov  Dec2022 Jan2023 Feb2023 Average  yegyts of MSW generation rates are presented in Table 8.
202 Based on these results, the average MSW generation rate
Food waste ~ 48.88  48.64 5125 50.86 49.91 was estimated to be 0.982 kg/capita/day (or 0.358 ton/capita/
Mixed paper 761  6.58 6.75 715 7.02 year). This generation rate was located within the recent
Corrugated 74 8.56 >99 6.48 7 MSW generation rate range in other Iraqi cities,
Wood 2.88  3.12 2.25 1.58 2.46 K ita/d d in Tabl
Plastic 1204 1358 13.88 14.25 13.66 9.?73—1.27 g/capita/ ay, as presente 1r} Ta e'9. However,
Ferrous 192 125 0.95 1.25 134 it is less than that obtained for Basrah city during the years
Glass 147 145 0.88 1.56 134 2011-2014, which was varied over the range 1.05-1.97 kg/
Nappies 768  8.56 7.88 8.58 8.17 capita/day [15]. By using the average rate of MSW genera-
Aluminum 1m0 1.58 0.89 115 tion, the yearly production of MSW generation is estimated
Garden waste  0.48 0.54 0.56 0.87 0.61 as follows:
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Figure 5: Daily variation of MSW composition.
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Figure 6: Temporal variation of monthly averaged MSW composition.

where MSW, and P; are the MSW quantity (ton) and popu-
lation of Basrah city in the year t, respectively.

3.4 Low heat value of RDF

The results of average wet and dry weights of all MSW
categories, including the RDF components, in a wet sample
0f 100 kg are presented in Table 10. The dry weight for each
category was determined based on its moisture content
and wet weight. By multiplying the wet percentage of
each RDF component (as obtained from Table 10) by its
LHV value (as obtained from Table 4), the unit energy
content was calculated to be 2,296,952kJ/100 kg of wet
weight (Table 11). The moisture content of the RDF was
12.6%, then on a dry basis, the LHV of RDF was 26,281 k]/kg.

Table 8: MSW generation rates in Basrah city during the period
2014-2019

Year Population MSW generation rate
(ton/year) (ton/ (kg/
capita/year) capita/day)

2014 1,112,664 432,054 0.388 1.064
2015 1,140,830 436,640 0.383 1.049
2016 1,168,996 387,575 0.332 0.908
2017 1,197,162 415,784 0.347 0.952
2018 1,225,328 417,340 0.341 0.933
2019 1,253,494 451,077 0.360 0.986
Average 0.358 0.982

3.5 Methane gas quantity

To estimate methane gas emissions from Basrah sanitary
landfill using the LandGEM model, the annual MSW quan-
tities must be specified as input data, along with the years
of landfill open and close and the model parameters k and
Lo. The annual MSW quantities were obtained using equa-
tion (8), and the results are shown in Figure 7. The years of
landfill open and close were specified to be 2010 and 2035,
respectively. While the model parameters Ly and k were
specified as described below.

According to the data of Table 3 and by using the MSW
composition data presented in Table 7, the calculated k
values for the first and second proposed scenarios (LFG
and RDF with LFG) are shown in Tables 12 and 13, respec-
tively. In the LFG scenario, all the MSW components are
dumped at the landfill, and in the RDF with LFG scenario,
the MSW is segregated at first into recycled wastes (metals,
glass, and aluminum), RDF (plastics, papers, wood, corru-
gates, and textiles), and organic wastes (food and garden
waste). Thus, the three values of k obtained for the LFG

Table 9: Generation rates of MSW in some Iraqi cities

Governorate Generation rate (kg/capita/day) Reference
Babylon 0.802 [36]
Baghdad 0.673 [36]
Tikrit 1M [37]
Erbil 127 [38]
Sulaimaniyah 1.12 [39]
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Table 10: Average wet and dry weights for MSW categories

Category Wet weight (kg) Dry weight (kg)
Food waste 49.91 13.98
Mixed paper 7.02 6.18
Corrugated* 7.67 6.29
Wood 2.46 1.77
Plastic* 14.38 13.52
Ferrous 134 1.31
Glass 134 1.31
Aluminum 115 112
Garden waste 0.61 0.57
Textile 5.84 4.91
Others* 1.43 0.79

*Nappy waste consists (by weight) of 83.8 % human waste, 6.86 %
cellulose pulp, 8.87% plastic products, and 0.47% other waste [40]. In
calculating the lower heat value (LHV), the human waste percentage
(0.838 x 8.17 = 6.85%) is usually neglected [40]. Other fractions of nappy
waste are added to their corresponding waste. Thus the wet weight
values of corrugate, plastic, and the remaining were increased by 0.56
(0.686 x 8.17), 0.72 (0.887 x 8.17), and 0.04 (0.0047 x 8.170.04)%,
respectively.

Table 11: Calculation results of LHVgpr

Category Wet weight  Dry LHV Total LHV

weight kJ/k kJ/k
kg (%) 9 (ki’kg)  (k)/kg)

(kg)

Mixed paper 7.02 1879 6.18 16,747 314,676

Corrugated 7.67 2052 6.29 16,282 334,107

Wood 2.46 6.58 177 18,608 122,441

Plastic 1438 3848 13.52 32,564 1,253,063

Textile 5.84 1563 4.91 17,445 272,665

RDF (total) ~ 37.37 100 32.661 2,296,952

scenario were 0.02 year ' (typical value), 0.013 year '

(Equation (4)), and 0.024 year ' (Table 12). While for RDF
with LFG, the obtained k values were 0.02 year ' (typical
value), 0.013 year™ (Equation (4)), and 0.03 year " (Table 13)
year . LandGEM was run to estimate the methane produc-
tion rate by LFG and RDF with LFG scenarios applying the

800000
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averages of the three k values for the first and second
scenarios, which are 0.019 and 0.021 year ™, respectively.

The average Lq values given in Table 4 were used for
Lo calculation. In the LFG scenario, the percentages of
slowly, moderate, and highly biodegradable wastes were
17.74, 12.86, and 50.52% (Table 7), thus the calculated Lg
value was 194 m3/mg. However, for the RDF and LFG sce-
nario, there is only highly degradable waste at a percen-
tage of 50.52%, thus the calculated Lo value was 262.5
mglmg. In addition, the Ly value was specified to be 132.8,
14.8, 62.6, 72, and 300.7m3/mg for paper, textile, wood,
garden waste, and food waste, respectively [22,32]. Based
on these values and by applying the MSW composition for
Basrah city (Table 6), Lo was calculated to be 171.7 and 297.9
for LFG and RDF with LFG scenarios, respectively. By
taking the average of the three L, values, LandGEM was
run applying Lo values of 178.6 and 243.5 m*Mg for LFG
and RDF with LFG, respectively.

The results of applying LandGEM software to Basrah
landfill (quantities of CO,, CH,, and total LFG) considering
the first and second scenarios (LFG and RDF with LFG) are
shown in Figures 8 and 9, respectively. From these figures,
it can be noticed that the peak amount of methane emis-
sions during the first and second scenarios are 23056.5 and
17189.2 Mg/year, respectively. Both these peak values will
be generated in the year 2036, and after that the LFG pro-
duction will continue along with the decay of biodegrad-
able waste at a decreasing rate for more than 110 years.

Calculation of the annual production of electrical
energy using methane gas as a fuel requires the annual
flowrate of methane gas. Figure 10 presents the obtained
annual flowrates of methane gas applying both LFG and
RDF with LFG scenarios. It depicts the peak annual
methane flowrate during the first and second scenarios,
which are 34,559,772 and 25,765,183 ms/year, respectively.
Thus, the produced methane emission adopting the first
scenario is greater than that of the second. This is because
during the first scenario all the MSW components are
dumped at the landfill, whereas during the second scenario
only the organic wastes are dumped at the landfill.

2012 —
2013 —
2014 —
2015  —
2016 —
2017 —
2018  —
2019 m——
2020 —
2021 —
022 ———
023 m—
2024 —
2025 ——
2026 ——
2027 —
2028 ———
2029 e—
2030 —
2031 —
2032 ——
2033 —
2034 ———
2035 me—

=
2010 —

2011 —

N A

Figure 7: Recorded and estimated MSW generation rates in Basra city for the period 2010-2035.
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Table 12: k calculation based on MSW decomposition: LFG scenario

Exploitation of landfill gas vs refuse-derived fuel with landfill gas

-—_ 1"

Waste Percentage Biodegradability
Slow Moderate Rapid
Organic and garden waste 50.52 — — 50.52
Paper and corrugate 14.13 71 7.02 —
Textile 5.84 — 5.84 —
Wood 2.46 2.46 — —
Nappies 8.17 8.17 — —
Others (non-biodegradable) 18.88 — — —
Total 100 17.74  12.86 50.52
The total of each waste group multiplied by k value as obtained 0.1774  0.2572 1.5156

from Table 6 for an annual rainfall of 92.2 mm (<250 mm)
k value

Weighted average  0.024 (year™)

Table 13: k calculation based on MSW decomposition: RDF with LFG scenario

Waste Percent Biodegradability
Slow Moderate Rapid
Organic and garden waste 50.52 — — 50.52
Others (RDF and recycled waste) 49.48 — — —
Total 100 — — 50.52
The total of each waste group multiplied by the k value as obtained — — 1.5156

from Table 6 for an annual rainfall of 92.2 mm (<250 mm)
k value

— 0.03 (year™)

3.6 Sensitivity analysis of LandGEM results

The estimation of methane emissions from MSW landfills
using LandGEM is based on two main parameters:
methane generation rate constant (k) and methane genera-
tion potential capacity (Lo). The sensitivity of model results
to the variation of k and Lo was investigated by fixing one
of the parameters and varying the value of the other

parameter to be within the value range obtained in
Section 3.5. The sensitivity analysis results for k and Lo
are depicted in Figures 11 and 12, respectively. Figure 11
shows that during the landfill lifetime (2010-2035) the rate
of methane gas emission increases with the increase of k.
However, after certain years of landfill closure, k increase
will reduce the gas emission. Figure 12 shows a positive
correlation between the gas emission and Lo, and this

Carbon Dioxide Methane Total Landfill Gas
g 1,00,000
2
<’ 80,000 A
=
2 60,000 A
S 40,000 -
3
O 20,000 /\_
2000 2020 2040 2060 2080 2100 2120 2140 2160
year

Figure 8: Annual LFG mass production for Basrah landfill: LFG scenario.
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Figure 9: Annual LFG mass production for Basrah landfill: RDF with LFG scenario.
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Figure 10: Comparison of methane gas annual flowrates adopting LFG and RDF with LFG scenarios.

trend continues until complete anaerobic decomposition of
the dumped biodegradable organics. Generally, the sensi-
tivity of LandGEM results to k variation is more than its
sensitivity to Lo variation. Thus, great attention must be
given when specifying the k value through inclusion of
landfill site-specific characteristics.

6,00,00,000.00
5,00,00,000.00
4,00,00,000.00
3,00,00,000.00
2,00,00,000.00

1,00,00,000.00

Methane gas emission (m?/year)

0.00

2000 2050

\

3.7 Electrical energy recovery potential

After determining the annual flowrates of methane gas
production, the values of electrical energy produced by
adopting the first and second scenarios were calculated
using equations (5) and (7), respectively. Figure 12 shows

—k=0.013

——k=0.02
k=0.024

—k=0.03

2100
Year

2150 2200

Figure 11: Sensitivity of LandGEM results to the variation of methane generation rate constant (k in year ") at an Lo of 178.6 m*/Mg.
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Figure 12: Sensitivity of LandGEM results to the variation of methane generation potential capacity (Lo in Mg/m?) at a k of 0.02 year™.

a comparison of electrical energy generation potential by
adopting LFG and RDF with LFG scenarios till the year 2035
(landfill close year). Starting from the present year (2022)
till the year 2035, Figure 13 shows that the annual electrical

power generated varied in the ranges 4.3-9.1MW and
26.4-36.1 MW by adopting the first and second scenarios,
respectively. Therefore, the application of RDF with LFG is
the better choice for making beneficial use of MSW

mLFG ®RDF with LFG

40
30

2010
2012
2013
2014
2015
2016
2017
2018
2019
2020

2021
2022
2023

Electrical power generation
MW)
SRS
2011 s
—
—
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2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
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Figure 13: Comparison of electrical energy recovery potential using LFG and RDF with LFG.

Figure 14: Existing power stations near the Basrah landfill location with indication of access roads.
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Table 14: Characteristics of existing power generation stations nearby the Basrah landfill location

Fuel type Location coordinates

Applied technology

Capacity (MW)

Station

Kifah M.

Longitude

Latitude

47.589106°

30.405654°
30.477545°
30.554475°
30.548806°

Natural gas

Gas turbine technology

740
1,900
1,606
2,670

Zubair Field Power Station'

Khudair et al.

47.734033°
47.387955°
47.406037°

Natural gas and crude oil

Natural gas

Combined cycle and gas turbine technologies

Gas turbine technology

Shatt Al-Basra Power Station®
North Rumila Power Station®
New Rumila Power Station®

Natural gas

Combined cycle, gas turbine, and steam turbine technologies

"https://www.gem.wiki/Zubair_Field_power_station. 2https://www.gem.wiki/Shatt_Al-Basra_power_station. >https://www.gem.wiki/Rumaila_power_station. *https://www.gem.wiki/New_Rumaila_power

station.

DE GRUYTER

collected in Basrah landfill. Although the generated rate of
electricity is relatively low, it can solve to some degree the
problem of electricity shortage in Basrah city along with
the reduction of pollution consequences as a result of gas
emissions.

It is important to mention here that each part of the
world has its own characteristics (meteorological, waste
management scheme, economics, social habits, etc.). To
find whether another part of the world can take advantage
of the study findings is a hard task. However, the concept
of selecting the best way of converting waste to energy is
important to be considered before deciding to follow a
specific approach which in this study through the use of
RDF with LFG.

3.8 Applicability of RDF with LFG scenario

Considering the quantity of generated energy, it is indi-
cated in Section 3.7 that RDF with LFG waste-to-energy
scenario is the better choice for generating electrical
energy from the collected MSW in Basrah landfill. If this
scenario is implemented successfully, it can reduce LFG
emissions, provide new job opportunities, and decrease
the need for fossil fuels like crude oil and natural gas.
The applicability of this scenario depends on the composi-
tion and generation rate of MSW and landfill site proximity
to the destination point of waste-to-energy conversion,
where RDF preparation and combustion equipment are
located. In addition to the economic feasibility of applying
the RDF with LFG scenario, it also depends on the capital
and operating costs of RDF and LFG processing, as well as
the income gain by reducing fossil fuel consumption [41].

The composition and generation rate of MSW are
dependent on the habits of MSW producers and their living
standards, and these two factors cannot be controlled with
a lack of awareness in developing countries such as Iraq.
Thus, this study focused on the landfill proximity to the
destination point of waste-to-energy conversion. It was
assumed that the end user of the produced fuel would be
one of the existing power generation stations within the
area of the landfill site.

The area where Basrah landfill is located includes four
power generation stations: Zubair Field, Shatt Al-Basra,
North Rumila, and North Rumila power stations (Figure 14).
The capacity, applied technology of power generation, used
fuel type, and the location coordinated of each of these sta-
tions are presented in Table 14. From this table, it can be
noticed that the generation capacity of these stations is


https://www.gem.wiki/Zubair_Field_power_station
https://www.gem.wiki/Shatt_Al-Basra_power_station
https://www.gem.wiki/Rumaila_power_station
https://www.gem.wiki/New_Rumaila_power_station.
https://www.gem.wiki/New_Rumaila_power_station.

DE GRUYTER

Table 15: Access distances between the Basrah landfill and nearby
power stations

Station Access distance to the
landfill site (km)

Zubair Field Power Station 9.6

Shatt Al-Basra Power Station 29.3

North Rumila Power Station 27.5

New Rumila Power Station 26.0

much greater than the energy that could be produced by
implementing the RDF with LFG scenario (36.1 MW/year).

The access distance from the landfill location to each of
the existing power stations is presented in Table 15. This table
shows that the nearest power generation station to the land-
fill location is at a distance of 9.6 km. The cost of RDF material
and LFG transportation to this station cannot balance the
benefits gained from implementing the RDF with scenario.
Thus, it is not feasible from economical and practical points of
view to use the generated renewable fuel as a complementary
source of fuel for any of the existing power stations.

Based on the above results and to make best use of the
produced energy and since the landfill site needs electrical
energy for its management, it is recommended to install
the needed equipment for sorting, shredding, combusting
the MSW, and gas filtering at the site of Basrah landfill.

4 Conclusions

In this study, two scenarios were compared for converting
waste to energy in Basrah city: LFG and RDF with LFG. A
comparison was made considering many factors such as
MSW composition and generation rate, meteorological condi-
tions, and landfill lifetime. The study results revealed that the
peak amount of methane emissions during the first and
second scenarios is 23056.5 and 17189.2 Mg/year (34,559,772
and 25,765,183 m®/year), respectively. They also showed that
the annual rates of electrical energy generation by adopting
the LFG scenario for the period 2022-2035 varied in the range
4.3-91MW. However, the annual rates of electrical energy
generation by adopting RDF with LFG scenario for the same
period varied in the range 26.4-36.1 MW. Thus, the dumping
of organic wastes only at the landfill and incineration of RDF
is a better choice than dumping all the MSW at the landfill for
electrical energy generation using the MSW of Basrah city.
However, the applicability of this scenario is restricted to
generating the energy for managing the site of Basrah landfill.

To make use of the study findings, it is important that
all the stakeholders, including the community, industry,

Exploitation of landfill gas vs refuse-derived fuel with landfill gas
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and government, must participate in putting together a com-
prehensive plan for converting waste to energy and reducing
the consumption of non-renewable energy resources. Their
responsibility will be in selecting the locations of power gen-
eration stations to be near the landfill site and the importance
of upgrading Basrah landfill by constructing a gas collection
system to enable the conversion of LFG to energy feasible.
Finally, it is important to conduct an economic feasibility
analysis of the suggested waste-to-energy conversion system,
considering its total cost and the financial and environmental
conservation gain.

The best scheme for electrical energy generation (RDF
with LFG) can be implemented in other cities around the
world if the generated MSW in these cities has a composi-
tion similar to that of Basrah city and can be segregated
into organic waste, recycled waste, and RDF. Additionally,
the landfill used for disposing of organic waste must be
equipped with an efficient biogas collection system.
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