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Abstract: This work aimed to estimate the annual methane production from the municipal solid
waste disposal sites in Pakistan. In this study, the Intergovernmental Panel on Climate Change
(IPCC) default methodology was used to estimate theoretical methane formation potential of the
waste disposal sites in major cities of Pakistan. The estimates of this study are based on the last
population census conducted in the year 2017 and latest available data regarding the waste generation
and management practices in the cities considered in the study. Results showed that 31.18 million
tonnes of municipal solid waste (MSW) is generated annually. The top 10 major populated cities
in Pakistan (with 20% share in country’s population) contributing 31% share in the total quantity
of MSW generated in overall country. On average 50-60% of the MSW generated is collected and
openly dumped at the designated waste disposal sites. After analyzing the data, we estimate that
annually 12.8 MtCO,-eq of methane is emitted from the waste disposal sites in major cities considered
in this study. The methane produced from the waste disposal sites can be sustainably utilized as
a source of energy through transforming MSW disposal sites (open dumps) to sanitary landfills
with methane capturing and utilization facilities. In the present scenario of waste management and
methane formation potential, sanitary landfills would generate 62.35 MWh of electric power if 25%
of the methane was recovered and utilized in power generation.

Keywords: methane emissions; municipal solid waste; landfills; electrical energy; methane recovery;
power generation; greenhouse gases

1. Introduction

Sustainable management of municipal solid waste (MSW) is one of the major chal-
lenges municipal authorities are facing in developing countries [1-3]. Sustainable waste
management practices can be defined as handling of waste generated by the means of
collection, transfer/transport, reuse, recycling, disposing, and landfilling, concurrently
considering the costs and effects on public health and ecosystems [4]. However proper
handling of increasing amounts of MSW is rising serious concerns worldwide [5]. Landfill-
ing predominates in global waste management strategies, as 37% of MSW is disposed of in
landfills and 33% of MSW is still ending up at open dumps [6]. According to the World
Bank report, about 19% of waste material is recovered by recycling and composting and
11% of waste is treated by sophisticated incineration plants. The worldwide share of waste
management strategies is illustrated in Figure 1.
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Figure 1. Worldwide share of waste management strategies [7].

Mismanagement of MSW has severe negative impacts on the environment and public
health [8]. The adaptation of waste management and disposal strategies vary by the eco-
nomic level of the countries [9]. Landfilling is a comparatively low cost waste treatment
and disposal technology and is being used worldwide, particularly in developing coun-
tries [10]. The waste dumpsites/unmanaged landfills are impacting the environment at
each level from local and regional to global [11]. The common environmental impacts of
dumpsites/unmanaged landfill sites are formation of landfill gas (CHy and CO,), leachate,
dust and particulate matter, odors, and fire hazards [12]. Dumpsites have adverse impacts
on soil, surface water bodies, and underground water [13]. In most cases in lower income
and developing countries, solid waste is being dumped along or in the rivers or sea, causing
serious impacts on aquatic and coastal life [14].

Methane has a significant contribution to the effects of global warming due to fact
that CHy is 25 times more effective at heat trapping than CO, in over 100-year time
frames [15,16]. In the latest estimations reported by [15], landfills, old dumpsites, and
other waste disposal activates globally, share up to 19% in global CH, emissions with a
total 67-90 million tonnes of CHy per year. Therefore, landfills are ranked as the second
largest anthropogenic source after ruminant livestock (87-94 million tonnes of CHy per
year) [15]. Therefore, prevention of landfill emissions is a major goal in waste management
strategies [17,18].

It is estimated that the methane emissions from MSW in developing countries are
likely to increase in coming years owing to the rise in population of urban areas and rise in
per capita waste generation rate as a result of improvements in economic conditions [19].
In contrast to this, methane emissions from MSW in the developed world are likely to
decrease because of further improvement in MSW management conditions (recycling and
reuse), enhanced waste legislation as well as recovery and extraction systems [4]. The latest
reported amount of methane emissions associated with MSW sector in developed and
developing countries including European Union (EU-27) and USA is presented in Table 1.

Environment-polluting waste disposal sites can be successfully transferred to energy
generating projects by transforming them into sanitary landfills and equipped with landfill
gas (LFG) capturing and power generating infrastructure [20,21]. According to the U.S.
Department of Energy (DOE), the usage of waste material as a feedstock for energy and
fuel production offers various advantages [22], such as waste material being available
at low price, or even offering revenue such as a tipping fee. The waste material can be
collected by using existing waste collection and separation infrastructure, which further
reduces the cost of energy products derived from waste [23].
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Table 1. Greenhouse gas (GHG) emissions from the municipal solid waste (MSW) sector in developing countries.

GHG Emissions from MSW Sector

Country Million Tones CO,-Eq (Mt CO,-Eq) Year Reference

China 104 2014 [24,25]
USA 91.03 2019 [26]
European Union (EU-27) 108.7 2018 [27]
India 14.86 2014 [28]
Brazil 4552 2014 [29]

Russia 53.41 2012 [24,30]
South Africa 15.76 2015 [31]
Turkey 9.1 2017 [32]
Egypt 13.19 2015 [33]
Mexico 30.9 2013 [34]
Colombia 13.71 2010 [35]
Bangladesh 18.28 2012 [36]
Cambodia 0.39 2013 [37]
The Philippines 104 2012 [38]
Pakistan 12.45 2015 [39]
Malaysia 34.32 2011 [40]
Thailand 11.82 2013 [41]
Sri Lanka 12.47 2011 [42]
Indonesia 64.7 2013 [43]
Global 1560 2016 [27]

The organic waste disposed in landfills is mostly degrading under anaerobic condi-
tions [44]. Soon after the waste is placed in the landfill, aerobic decomposition starts, as
oxygen is consumed by the microbial biomass. The aerobic processes may continue until all
oxygen present in pores and voids of the waste is consumed [44,45]. Degradation of organic
mass by a group of anaerobic bacteria results in the production of CO, and CHy [46,47].
Methane gas is produced from decomposition of organic waste under anaerobic conditions
mostly observed in landfills and large dumpsites [48]. A scheme of biochemical reactions
during anaerobic digestion of organic fraction of MSW in landfill environment is illustrated
in Figure 2.

MSW Fermentative bacteria Acidogenic bacteria Acetogenic bacteria Methanogenic bacteria

Oragnic mass D Hydrolysis ] [> Acidogenesis [> Acetogenesis [> [Methananogenesm

Carbohydrates Glucose Alcohol Acetic acid Landfill gas
Protein Amino Adds Organic Acids CcO CHs+CO:
Fats Fatty acids H H:

Figure 2. Scheme of biochemical reactions during anaerobic digestion in landfill [4].

To reduce the greenhouse gas (GHG) emissions for the MSW management sector,
different waste treatment technologies have been developed, such as compositing, incin-
eration, anaerobic digesters, an-aerobic landfills with gas capturing facilities and refused-
derived fuels (RFD) [21,49,50]. An accurate estimation of landfill gas (LFG), mainly methane
(CH,), is important for conduction life cycle assessment (LCA) of waste to energy (WtE)
pathways of landfills [23]. Sustainable landfilling operation is described as controlled
disposal of waste on land to minimize negative environmental repercussions through
capturing landfill gas and managing leachate [4,51]. Figure 3 shows a scheme of sanitary
landfill with landfill gas collection system and electrical energy (combined heat and power;
CHP) generation facilities.
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Figure 3. Scheme of landfill gas (LFG) collection and power generation from landfill.

However, landfills intended to be used for energy generation should be sustainably
planned considering the aftercare phase when energy generation from landfill gas is not
economically possible/feasible [52-54].

2. Study Area—Pakistan

Pakistan is the 5th most populous country in the world, with population of 207.77 million
recorded in the recent population and housing census in 2017 [55]. According to the latest
statistics from the census of 2017, 75.586 million people are living in urban areas and
the rural population was recorded as 132.184 million; so 36.38% of the population was
living in urban areas, and the rural population accounted for 63.62% of country’s total
population [55]. About 40.956 million people (54% of the total urban and 20% of overall
Pakistani population) are living in the ten major cities of Pakistan [55]. In recent decades
Pakistan has been going through an energy crisis which have has resulted in socio-economic
turmoil in the country [20,56].

2.1. Municipal Solid Waste Management Situation in Pakistan

Solid waste management is a basic service provided by the city municipal authorities
to their residents. Factors influencing the quality of that service are finance, technology,
and trained staff available to the individual city municipal administration for waste man-
agement. In low-income countries, municipal authorities are lacking the required funds,
technical facilities, and trained manpower for municipal waste management [57].

Moreover, due to the within-country migration of people from rural to urban areas, the
burden on the municipal authorities in major cities has increased to sustainably handle the
high amount of waste generated from different sectors. In Pakistan, there are deficiencies
in the availability of funds, planning, technology, and trained workforce for proper and
sustainable municipal solid waste management [58]. Even in major cities like Karachi,
Lahore, Faisalabad, and Islamabad, municipal authorities are striving for the allocation
of required funds and other resources for proper municipal waste management [59]. As a
result, MSW is poorly managed in Pakistan and public health and environmental quality is
highly compromised in the country [60].

2.1.1. MSW Generation

As like other developing countries, the rate of MSW generation in Pakistan is lower
than developed nations [14]. A study by Pakistan Environmental Protection Agency [61]
reported the growth rate of the selected cities was 3.67-7.42% and it was also estimated in
the same report that the population of the major cities of Pakistan is expected to double in
the coming decade, resulting in higher quantity of solid waste generation.

For all types of municipal administrated areas, the average waste generation rate was
estimated to be from 0.283 kg/c/d (kg/capita/day) to 0.613 kg/c/d, depending on the
location and socio-economic development of the city [61]. According to a World Bank
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report [62] about 50,438 tonnes of MSW was generated in the urban areas of Pakistan with
the rate of 0.84 kg/c/d and in the same report, a rise in MSW generation is estimated in
urban areas of the country up to 109,244 tonnes/day with the rate of 1.05 kg/c/d by the
year 2025.

The present study is based on the population reported in statistical data in the
Pakistan census of 2017 [55] and the waste generation rate is that reported in the lit-
erature [63,64]. In the present study, 32.711 million tonnes/year of MSW generation
was estimated in Pakistan overall, with the average rate of 150 kg/c/y (kg/capita/year)
(0.41 kg/c/d) and the waste generation rate in the top ten populated cities, overall urban
areas, and rural areas in the country was estimated to be about 238 kg/c/y (0.65 kg/c/d),
232 kg/c/y (0.63 kg/c/d), and 103 kg/c/y (0.28 kg/capita/day) respectively. Detailed
data regarding MSW generation in the ten most populous cities of Pakistan is provided in
Table 2.

Table 2. Quantity of MSW generation in top ten populated cities of Pakistan.

No. City Population MSW Generation MSW Quantity MSW Quantity
(Million) [55] Rate (k/c/d) [63] (t/day) (Mt/year)
1. Karachi 14.91 0.761 11,347 4.14
2. Lahore 11.12 0.75 8340 3.04
3. Faisalabad 3.20 0.48 1538 0.56
4. Rawalpindi 2.09 0.453 950 0.35
5. Gujranwala 2.07 0.51 1034 0.38
6. Peshawar 1.97 0.489 963 0.35
7. Multan 1.87 0.32 599 0.22
8. Hyderabad 1.72 0.7 1213 0.44
9. Islamabad 1.01 0.81 [63] 822 0.3

10. Quetta 1.00 0.378 378 0.14
Remaining urban areas 34.63 0.612 21,193 7.74
Rural areas 132.184 0.283 37,408 13.65
Total 207.77 85,425 31.18
Including 5% Hazardous waste 4271 1.56
Grand total 89,696 32.74

Note: Kg/c/y; kg/capita/year, kg/c/d; kg/capita/day, t/d; tonnes/day, Mt; Million tonnes.

Through analysis of the latest population data and waste generation rate, it is described
that urban areas in Pakistan are contributing 56% of total MSW generated in the county.
The top 10 most populated cites in Pakistan are accountable for 31% of the total amount
of waste generated in the country, and 55.8% of the waste is generated by urban areas
in Pakistan. The summary of data analyzed for MSW generation in Pakistan is given in
Table 3.

2.1.2. MSW Composition

The composition of MSW is very important to know for the selection of proper
treatment and/or disposal methods and resource recovery from the waste [58,65]. The
MSW composition influences the energy content (calorific value) for incineration and
methane generation potential for landfilling [58,66]. The volatile solid (VS) content of MSW
generated in Pakistan is reported as 50-60% of dry mass (DM)/total solid (TS) [58]. The
composition of the MSW differs with geographical location and climatic conditions, living
standards, economic status, and the culture of the society [14].

Generally, MSW in Pakistan generally contains paper and cardboard, plastic, textiles,
food waste, glass, metals, stones, wood, animal waste, bones, green waste (leaves, grass,
straws, and fodder), rubber, and inert waste including fines [61]. The average composition
of MSW in Pakistan comprises 64% organic and 36% inorganic waste [14]. The physical
composition of waste in major cities of Pakistan given in Table 4 is also used in other
studies [60,67].
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Table 3. Summary of MSW generation in Pakistan.
Administrati Share in Share in MSW PS };:.ri in. Share in the MSW MSW
mgu§ rative Population Pakistani Urban . adastani Urban Waste . .
nit . . Generation Waste . Generation Generation
Population Population Generation Generation
(million) (%) (%) torfrrfgsu/iggar) (%) (%) (kg/c/y) (kg/c/d)
Pakistan 207.77 100 0 31.18 100 0 150 0.41
Top ten
populated 40.96 20 54 9.78 31 56 238 0.65
citi'es.
Remaining 34.63 17 46 7.74 25 44 223 0.61
urban areas
Total Urban 75.59 36.38 100 17.51 56 100 232 0.63
Rural areas 132.184 63.62 0 13.65 44 0 103 0.28
Hazardous 1.56 5
waste )
Total wgste 30.74
quantity
Note: Kg/c/y; kg/capita/year, kg/c/d; kg/capita/day.
Table 4. Physical composition (% wet weight basis) of MSW major cities in Pakistan.
MSW . . .
Karachi Lahore Faisalabad Gujranwala Peshawar Multan  Hyderabad Quetta Islamabad
Components
[%] [59] [68] [61] [61] [61] [59] [69] [61] [63]
Plastics &
Rubber 8 12.6 4.8 5 3.7 43 9.85 8.2 3
Metals 1.1 0.1 0.2 0.3 0.3 0.3 3.66 0.2
Paper 8 24 2.1 2.5 2.1 2.4 5.89 2.2 10
Cardboard 1.6 1.8 1.9 - 6.70 1.3
Textile 7.6 9.1 5.2 3.2 4.3 6.9 2.07 5.1 5
Hazardous 15
waste
Glass 5.6 0.8 1.3 15 1.3 0.8 6.08 15 3
Bones 2.9 3.2 1.7 1.3 - 2
Food waste 26.1 17.2 14.7 13.8 324 30.82 14.3 58
Organics 64.8
Animal waste 0.8 1 7.5 2.7 - 1.7
Combustibles 2.1
Green waste 17 15.6 12.8 13.6 20.2 13.85 10.2
Tetra Pack 10 1
Wood 3.1 0.7 0.8 0.6 1.3 1.84 1.5 20
Fine 3.7 43 47.5 42 18.13 44
Stones 4.6 5.7 7.2 274 - 7.8
E-waste 0.3
Others 9.8 5.3 1.11 1
Total 100 100 100 100 100 100 100 100 100

2.1.3. MSW Disposal

In Pakistan, local government departments of respective provinces are responsible for
MSW management. According to Pakistan Environmental Protection Agency report [61],
government provided services are collecting averagely only 50% of MSW generated in
the cities of Pakistan. The summary of MSW generation and collection in major cities in
Pakistan is given in Table 5.
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Table 5. Estimated MSW collection rate in major cities of Pakistan.

City MSW Generation MSW Collection Rate MSW Collection MSW Collection
(tonns/day) * (%) t (tonnes/day) (tonnes/year)

Karachi 11,347 75 ** 8510 3,106,241

Lahore 8345 68 5675 2,071,229
Faisalabad 1538 54 830 303,109
Gujranwala 1034 52 538 196,210
Peshawar 963 61 588 214,490
Multan 599 56 1 335 122,434
Hyderabad 1213 51 619 225,779
Quetta 378 50 189 69,068
Islamabad 822 85.2 700** 255,500

From Table 1 %, [61] 1, [70] **, 1 [71] and [72]

In Pakistan, there is an absence of a proper waste management system for collection
to disposal of MSW [14,20,60]. Due to the escalated increase in population, municipal
authorities are unable to deal with a huge quantity of waste, resulting in inadequate
collection and disposal services. Moreover, the authors of [60] reported that from the total
MSW generated, only 50-96% of waste is collected and disposed in dumpsites and landfills
outside of the cities. The collection efficiency of MSW depends on the income level of the
society; collection rate varies from 90% to 0% in high to low-income areas respectively [61].
The remaining waste is left as heaps in the streets, on roadsides, in storm drains, vacant
plots, and ditches in the city areas causing a threat to human health and environment.
Sustainable waste disposal methods like composting, incineration, and sanitary landfills
are very new in Pakistan [20]. Open dumping is a common way to dispose of the collected
waste in dumpsites located at the entrance and exits of cities in the country [14]. In Pakistan,
no legislation has been introduced regarding waste separation and recycling; due to this fact
the waste is being collected and dumped in heterogeneous and improper way containing
various types of wastes. A very low amount of the MSW, around 26.28%, is being used for
material recovery by the informal sector [14,70].

Hospital and industrial waste are also being dumped with MSW in landfill sites
in some cities of Pakistan, creating serious environmental and public health concerns.
In Pakistan, all available waste disposal methods (composting and landfills) are inade-
quate [73]. Even in the major cities of Pakistan like Karachi, Lahore, Islamabad, Faisalabad,
and Peshawar there are no engineered landfill facilities for waste disposal. All existing
landfills are just open dumpsites without any gas and leachate collection and treatment
facilities [21]. These dump sites are breeding places for mosquitos, flies, animals, and birds,
and have become the source of spreading diseases, odors, vegetation damage, groundwater
pollution, and GHG emissions [60]. The open waste disposal conditions can be observed
from aerial views of MSW disposal sites in some major cities in Pakistan in Figure 4.
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Gond Pass—Karachi I—12 Islamabad

Google

Mahmood Booti—Lahore Muhammad Wala—Faisalabad

Figure 4. Aerial views of MSW disposal sites in major cities in Pakistan (Google maps).

3. Greenhouse Gas Emissions Inventory of Pakistan

According to the Global Change Impact Study Center [74] report, the first GHG
emission inventory of Pakistan was prepared for the year 1990 in which 212.9 MtCO;-eq
emissions were estimated. In the second GHG emission inventory of the country, which
was developed for the year 1994, the total emissions estimated were 181.7 MtCO»-eq, in
which the share of the waste sector was 2.5%. Pakistan’s third GHG emission inventory was
prepared for the year 2009 by using 2006 IPCC guidelines and estimated GHG emissions
were 309.4 MtCO;-eq, and the share of emissions from the waste sector was 1.8%. The
latest GHG emissions inventory available for Pakistan was made for the year 2015 by
the Ministry of Climate Change, Pakistan. In this inventory report, total GHG emissions
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from all sectors is reported as 406.45 MtCO,-eq, where the waste sector is responsible for
15.65 MtCO,-eq of GHG emissions, with a 3.9% share. Table 6 depicts details of GHG
emission inventories prepared in Pakistan.

Table 6. Sector wise GHG emissions in Pakistan in 1994, 2008, 2012, and 2015 (MtCO;-eq) [39].

Sector 1994 2008 2012 2015
Energy 85.816 156.821 171.44 184.0
Industry 13.297 17.866 19.595 21.85
Agriculture 71.632 120.284 162.86 174.56
Land Use
Change and 6.527 8.92 9.671 10.39
Forestry (LUCF)

Waste 4.457 5.505 10.554 15.65
Total 181.7 309.4 374.1 406.45

4. Materials and Methods

The default methodology proposed by the IPCC [75] was used in this study to estimate
methane (CHy) emissions from organic portion of the municipal solid waste (i.e., paper and
cardboard, food, grass and leaves, textiles and wood) disposed at landfills in major cities
in Pakistan. This methodology has been used in various reported studies [23,60,76-78]
to estimate and evaluate the CH4 emissions from the organic fraction of MSW. The IPCC
default method is based on the theoretical gas formation by the mass balance equation
and the methodology presumes that all possible emissions of CH, from the waste are
released during the same year in which the waste is dumped [75]. According to IPCC
good practices guidelines [79], through using this default method a reasonable annual
estimations of methane emissions can be made, if the composition and amount of waste
disposed remain constant or slowly changing over a period of several decades. However,
in the case of waste amount and composition rapidly changes over this time; thus this
default IPCC methodology will not give accurate trend of emissions [79]. In this method,
CH, emissions from waste disposal sites are estimated using the following equation:

= (MSWr x MSWF x MCF x DOC x DOCg x F x 16/12 — R) (1 — OX) 1)

where MSWr is the total quantity of MSW generated (tonnes/year), MSWF is the fraction
of MSW disposed of to the disposal sites, MCF is the methane correction factor, DOC is the
fraction of degradable organic carbon in waste, DOCF is the fraction of DOC that actually
decomposes, F is the fraction of methane in landfill gas, 16/12 used for the conversion of
carbon to methane, R is the methane recovery rate, and OX is the oxidation factor (fraction).
For the current study, MSWr and MSWF values are taken from Tables 1 and 5 for waste
generation and disposal in the major cities in Pakistan.

For MCF, IPCC default values ranges from 0.4 to 1.0 depending upon the type of
disposal site conditions. Since at MSW disposal sites in Pakistan conditions are unspecified
and unmanaged, so for this study an MCF value of 0.6 was taken, according to IPCC
guidelines. DOC for each city was calculated by substituting waste composition data from
Table 4 for respective city and default values of DOC content in wet waste given in Table 7
by using Equation (2), given in IPCC guidelines. No methane recovery is taking place
at any waste disposal sites in Pakistan, so R was assumed as zero, as provided by IPCC
1996 for Southeast Asian countries [80] and similar value is considered by studies from
India [81] and from Bangladesh [82] in the estimation of methane potential from landfills.
OX was also considered to be zero according to IPCC default value [75].

DOC=04xA+02xB+015xC+043 xD+024 xE )

where A, B, C, D and E represent the fraction of paper and cardboard, leaves, and grass, food
waste, wood, and textiles present in MSW respectively. DOCr is the degradable portion
of the total degradable organic carbon (DOC) can be determined through Equation (3)
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provided by IPCC guidelines, where temperature T is used the value given by IPCC is
0.77 [77].
DOCr =(0.014 x T) + 0.28 3)

Table 7. IPCC default values and range for degradable organic carbon (DOC) content in wet
waste [75].

Waste Type Default Value Range
Food waste 0.15 0.08-0.20
Garden 0.2 0.18-0.22
Paper 0.4 0.36-0.45
Wood and straw 0.43 0.39-0.46
Textiles 0.24 0.20-0.40
Disposable nappies 0.24 0.18-0.32
Sewage sludge 0.05 0.04-0.05

Rubber 0.39 0.39

Bulk MSW waste 0.18 0.12-0.28

Industrial waste 0.15 0-0.54

According to the IPCC guidelines, the temperature of the anaerobic zone of the landfill
is supposed to persist constantly at about 35 °C [75]. According to climatic conditions
and the geographical location of Pakistan, the temperature value in the anaerobic zones of
the landfill seems reasonable to the temperature given in IPCC guidelines [60]. The IPCC
default value for DOCF is 0.77, which was used in this study. IPCC provided the default
value for F (0.5) was used. The molecular mass of methane and the atomic mass of carbon
are 16 and 12 respectively [60]. The CO; equivalent is estimated by multiplying yearly
CH4 emissions by 25, as global warming potential (GWP) of CHy, is 25 times greater heat
trapping effect the CO, over a 100-year time frame [16].

For the estimation of power generation from the amount of methane produced in
disposal sites, three scenarios of methane recovery are evaluated by methane recovery
of 25% as minimum, 50% (assumed) as medium, and 75% (reported by United States
Environmental Protection Agency [83]) as maximum. Mostly internal combustion engines
are used for power generation in landfill projects due to their low cost and high electrical
efficiency (ne 30-40%), however other technologies like gas turbine and micro turbine are
also used for power generation, subject to the size of the landfill [84]. Therefore, internal
combustion engine technology was considered for power generation with the average
electrical efficiency of (e) of 30%. The lower heating value of pure CHy 33,906 k] /m?3 [85]
and density of methane 0.66 kg/m? at room temperature [86] was considered for the
determination of thermal power (P). For the determination of electrical power (Pe), the
generation potential Equation (3) reported by [60] was used.

Pe=P; X1 X1e (4)

5. Results and Discussion
5.1. Estimation of Methane Emissions from Waste Disposal Sites

Following the IPCC guidelines [48], this study estimated that overall 12.7 Million
tonnes CO2 equivalent (Mt CO,-eq) of CHy is being released from waste disposal at
dumpsites sites in the most populous cities of Pakistan. The methane emissions are higher
from waste disposal sites in Lahore and Karachi causing an annual release of 8.52 Mt CO;-
eq and 3.40 Mt CO;-eq of methane in atmosphere respectively. These higher CH4 emissions
from waste disposal sites in Lahore and Karachi are due to higher organic fractions in MSW
and waste collection rates in both cities. Detailed calculations for estimations of methane
production from waste disposal sites are provided in Table 8.
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Table 8. Estimated CH4 production from waste disposal sites in the most populous cities in Pakistan.

*

City (i/[/[ts/;?ar) MSW; ** MCF DOC DOC¢ F (16/12) CHgtlyeart Mt CO;z-eql/year
Karachi 4.14 0.75 0.6 0.14 0.77 0.5 1.33 135,970 34
Lahore 3.04 0.68 0.6 0.54 0.77 0.5 1.33 340,976 8.5

Faisalabad 0.56 0.54 0.6 0.09 0.77 0.5 1.33 8129 0.2
Gujranwala 0.37 0.52 0.6 0.08 0.77 0.5 1.33 4580 0.11
Peshawar 0.35 0.61 0.6 0.08 0.77 0.5 1.33 5061 0.13
Multan 0.21 0.56 0.6 0.12 0.77 0.5 1.33 4540 0.11
Hyderabad 0.44 0.51 0.6 0.14 0.77 0.5 1.33 9515 0.24
Quetta 0.13 0.5 0.6 0.07 0.77 0.5 1.33 1582 0.04
Islamabad 0.3 0.85 0.6 0.23 0.77 0.5 1.33 17,629 0.44
Total 9.27 507,326 12.7

Note: * Taken from Table 1, ** Taken from Table 5, T Calculated from Equation (2) and { Calculated from Equation (1).

5.2. Estimation of Electrical Energy Generation from Waste Disposal Sites

Sanitary landfills with energy generation facilities can significantly contribute in
this energy thirsty condition of Pakistan. In the current MSW management situation
(waste composition, generation, collection, and disposal) in major cities in Pakistan, it is
estimated that the waste disposal sites have the potential to produce 0.51 million tonnes
of CH, annually. The methane produced in waste disposal sites can be used in electricity
generation, as fuel for vehicles, and it can also be used directly as a fuel after processing
through a treatment system.

If this amount of CHy produced from waste disposal sites would be collected, treated
and utilized for electrical energy generation, about 62.4 MWh electric power would be
generated at a 25% methane recovery rate. In the case of increased methane recovery rate
from waste disposal sites at 50% and 75%, the electric power generation capacity would be
enhanced to 142.7 MWh and 187.1 MWh respectively. The power generation capacity can
be enhanced by effective realization of the source separation of MSW and increasing the
waste collection rate. The estimates of electrical power generation are presented in Table 9.

Table 9. Power generation from potential from different methane recovery rates.

Power Generation (MWh)
. Methane Potential
City CHjy4 Recovery 25% CH4 Recovery 50% CH4 Recovery 75%
(Tonnes/Year)

Karachi 135970 16.61 33.22 49.84

Lahore 340976 41.66 83.32 124.98
Faisalabad 8129 0.99 1.99 2.98
Gujranwala 4580 0.56 1.12 1.68
Peshawar 5061 0.62 1.24 1.85
Multan 4540 0.55 1.11 1.66
Hyderabad 9515 1.16 2.32 3.49
Quetta 1582 0.19 0.39 0.58
Islamabad 17692 2.15 431 6.46
Total 510352 62.4 124.7 187.1

The unit price of electricity in Pakistan ranges from 13.85-20.94 Pakistani Rupees
(PKRs)/kWh depending on the consumption of electricity; as the unit consumption
of electricity increases the cost per unit also increases [87]. Considering an average
price of an electricity unit as 17.54 PKRs/kWh (0.112 United States dollar (USD)/kWh)
(i.e 1 USD = 156.69 PKRs.) revenue about 9.6 billion Rupees (61.1 million USD) per year
can be earned from selling the electricity generated (62.4 MW) from waste disposal sites in
the major cities in Pakistan at the present MSW collection and disposal rates. The detailed
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calculations for revenue generation for selling the electric power in the present situation of
MSW disposal is provided in Table 10.

Table 10. Detailed calculations for financial benefits from selling the electric power generated at 25% CH, recovery rate.

Electric Power Revenue Generation
City Units Units Unit Price Daily Annual
MWh kWh (PKRs) (Million PKRs) (Million PKRs)  (Million USD)

Karachi 16.6 16612 291381 6.99 2552.5 16.3
Lahore 41.7 41659 730702 17.54 6400.9 40.9
Faisalabad 1.0 993 17420 0.42 152.6 1.0
Gujranwala 0.6 560 9814 0.24 86.0 0.5
Peshawar 0.6 618 10845 0.26 95.0 0.6
Multan 0.6 555 9729 0.23 85.2 0.5
Hyderabad 1.2 1162 20390 0.49 178.6 1.1
Quetta 0.2 193 3390 0.08 29.7 0.2
Islamabad 2.2 2154 37779 0.91 330.9 2.1
Total 62.4 62353 1093671 26.25 9580.6 61.1

Furthermore, funds required to develop and run (capital and operation and mainte-
nance (O&M) costs) the power generation facilities on waste disposal sites is also estimated.
Table 11 describes the detail about the cost associated with electrical power generation by
using combustion engines, gas turbines, and micro turbines, along with power generation
potential in the present scenario.

Table 11. Evaluation of power generation cost in present situation by using different technologies * [84], [+ Table 10].

Aw. Elec. Efficiency ne  Power Generation Cost of Machine Annual O &M

Overall Cost

Technology (%) * (MW) 1 (S/KW) * cost (§/kW) * Power Gen.
(Million $/year)
I.C Engine 30 62.4 1800 250 127.8
Gas Turbine 24 49.9 1500 160 82.8
Micro Turbine 42 87.3 3000 280 286.3

5.3. Estimation of Financial Outcome from Waste Service Fee

Presently, there is no government fee for MSW management services in any Pakistani
city. However, in Karachi, residents are paying fees in the name of “maintenance costs”
which range between 500-2000 Pakistani Rupees (PKRs.) (3.2-12.8 USD) depending on
socio-economic status of the society. This fee is collected by private bodies (in most of the
cases political parties) named as a “union fee” in individual residence plazas for cleaning,
sweeping, and household waste collection and disposal services. The waste management
service fee should be collected by the city municipal authorities to finance MSW collection,
transportation, and treatment costs. For the enhancement of financial stability of municipal
authorities, a minimum amount of 1 PKR/person/day or 180 PKRs/household /month
(average rate is 6 persons per household) as MSW management service fee is recommended.
It is computed that approximately 1.22 billion Rupees per month (7.8 million USD) in
revenue can be generated from the collection of the proposed MSW service fee. Table 12
provides the details of financial outcomes from collection of MSW service fees in ten most
populated cities of Pakistan.
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Table 12. Estimated financial outcome form proposed MSW services fee.
City Population Households Residents MSW Fee MSW Fee Collection MSw ]?ee MSw Ifee
Collection Collection
S\ w - - - (Billion (Million

(Million) (Million) [55] persons/house (PKRs./house/month)  (Million PKRs/month) PKRs/year) USD/ year)
Karachi 1491 2.58 6 180 463.7 5.6 35.5
Lahore 11.12 1.76 6 180 316.4 3.8 242
Faisalabad 3.20 0.59 5 150 89.1 1.1 6.8
Rawalpindi 2.09 0.47 4 120 56.5 0.7 4.3
Gujranwala 2.07 0.45 5 150 66.9 0.8 5.1
Peshawar 197 0.24 8 240 56.7 0.7 4.3
Multan 1.87 0.33 6 180 59.6 0.7 4.6
Hyderabad 1.72 0.36 5 150 54.5 0.7 4.2
Islamabad 1.01 0.17 6 180 30.8 0.4 24
Quetta 1.00 0.13 8 240 30.9 04 24
Total 40.96 7.07 12249 14.7 93.8

* Taken from Table 2.

6. Conclusions and Recommendations

After analyzing the population statistics of the last census held in 2017 and MSW
management data available in the latest literature and studies, this study estimated that
about 31.18 million tonnes and 9.78 million tonnes of MSW were generated Pakistan overall
and the top 10 most populated cities in the country respectively. It is also estimated that
annually about 0.51 million tonnes (12.8 MtCO;-eq) of methane is released from MSW
disposal sites in the most populated cities considered in this study. The waste disposal
sites in Lahore and Karachi possess higher methane production potential due to the higher
organic fraction in MSW and higher waste collection and disposal rates in both cities. As a
result, MSW disposal sites in Lahore and Karachi share 66.8% and 26.6% of total methane
emissions from waste disposal sites in the most populated cities in Pakistan respectively.

Furthermore, it is estimated that, overall 62.4 MWh of electric power can be generated
if 25% of methane produced annually at waste disposal sites in the top major cities is be
recovered and utilized for power generation. The estimated revenue generation through
selling this power is 9.58 billion PKRs (61.1 Million USD) annually at the unit cost of electri-
cal power considered in this study (17.54 PKRs/kWh). Moreover, it is also determined that,
in the case of increased methane recovery rates from waste disposal sites at 50% and 75%
the electric power generation capacity would be 142.7 MWh and 187.1 MWh respectively.
The power generation capacity can be enhanced by increasing the MSW collection rate.

In the present MSW management situation in Pakistan it is challenging to generate
energy from waste disposal sites. Additionally, on the one hand the waste management
situation in Pakistan, especially in major urban areas, has deteriorated, on the other hand
major cities and small towns in the country are facing an energy shortage. Through adopt-
ing integrated solid waste management systems and generating energy from waste disposal
sites, an untapped resource from waste can be utilize to face both crises in the country.

Moreover, it is highly recommended that a comprehensive legal framework regarding
integrated MSW management systems should be introduced and implemented in Pakistan,
including that the waste collection fee should be collected by local municipal authorities
not by so called “unions”.
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