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Abstract

This study presents a take on employing the principles of waste valorization to solve the long-standing problem of finding
sustainable resources for biodiesel production. The biodiesel production has always met with a competition with food
security and land use. This has limited the scope of the technology to laboratory experiments only. This study aims to
assess the geospatial availability of waste cooking oil in Pakistan to map its biodiesel production potential. Owing to the
resource posing no land use or food security challenges, a resource assessment using geographical information systems
was carried out. The waste cooking oil availability was estimated using the statistics on per capita edible oil consump-
tion with a realistic consumption and collection factor applied to it. The available residual cooking oil was subjected to
the transesterification with a rather conservative conversion to the biodiesel at 66.25% to keep the estimates realistic.
The study results in heat maps of all the different regions and provinces of the country. The findings suggest that Pun-
jab province is the highest potential province with 249,260 tonnes of biodiesel production annually. Karachi district is
the highest potential district with a potential of 36,156 tonnes of biodiesel production in a year. The study paves ways
for investment sector in the study area to identify highest potential regions to invest in. It also motivates the scientific
community to step outside of experimental research on waste cooking oil’s biodiesel production potential and perform
resource assessments and techno-economic analyses on the technology for its widespread adoption.

Graphicabstract PS—The callouts do not represent any geographical locations instead they represent the shade of the
gradient they correspond to in terms of red being the gradient shade for the problems and the green being the gradient
shade for the remedial contributions made by the study. The use of the map of the study area is because of the contextual
important of the map in a resource and potential assessment that is geospatial in nature.
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Abbreviations

FOI Fraction of investment
LC Labor cost

ucC Utilities’ cost

WTC  Waste treatment cost

RMC  Raw materials cost

AEDB Alternate Energy Development Board
FAME Fatty acids methyl ester

WCO  Waste cooking oil

GIS Geographical information systems
AJK  Azad Jammu & Kashmir

GB Gilgit Baltistan

FATA  Federally Administered Tribal Areas

1 Introduction

The global boom of biodiesel replacement with the fossil
fuels has taken off pretty well in the last decade due to a
projected run-out of the fossil fuel reserves in the world.
An attractive benefit offered by the biofuels is the eco-
friendliness of these fuels over the conventional fossil fuels
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due to them being carbon neutral, alongside their sustain-
ability aspect. Both the issues that the biofuels cater to,
have their own scale and gravity in Pakistan. With the sixth
largest population in the world [1], Pakistan is a develop-
ing country with an import-heavy economy which hap-
pens to be at the highest potential risk from the effects
of climate change in the form of droughts and floods [2,
3]. One of the largest contributors towards the imports
in the country is the crude oil that powers the country’s
transport, power and electricity sectors with the local oil
reserves contributing a meager bit to the country’s very
high fuel demand [4]. The transport sector in the coun-
try, with a usage of over 14.6 million tonnes of imported
crude oil based fuels [5], is the sector that contributes the
most towards the emission of greenhouse gases in the
country which eventually escalate the causes of the cli-
mate change [3]. An appropriate fix for both of the issues
pertaining to the sustainability of the fuel supplies with
an environmentally benign alternative is the production
of biodiesel in the country.

Alternate Energy Development Board (AEDB) is a dedi-
cated institution in the country to introduce and regulate
the alternate energy technologies that include, solar, wind,
micro-hydel and bio energy technologies [6]. The country’s
first renewable energy policy was constituted back in 2006
by the AEDB which outright overlooked the bio-energy
options and rather focused more on solar and wind energy
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technologies [7] the effects of which, are playing out in
the form of well-established markets and a developed
infrastructure for both solar and wind energy in the coun-
try and a rather lack luster focus on bio-energy adoption
[8, 9]. There have been some efforts made by the AEDB
in tapping the untapped potential of bio-energy in the
country, but the most of it is in the form of agro-industrial
waste to energy to be taken up by the sugar and rice mills
in the country [6]. AEDB also worked with World Bank to
compile the country’s first ever biomass atlas which was
a promising effort towards the bio-energy adoption but
the inclusion of the potential resources for biodiesel pro-
duction was absolutely overlooked in the atlas [10]. Some
of the efforts made by AEDB towards biodiesel produc-
tion from Jatropha and promotion of its plantation in
the Sindh province have been reported and endorsed by
various authors [11-13], which indicates the institution’s
positive approach towards the exploitation of indigenous
resources for biodiesel production is in place.

In terms of the raw resource availability for the biodiesel
production in the country, the first generation resources
i.e. the energy crops are certainly not an option because
the country, despite having a large part of its population
associated with agriculture and one of the world’s larg-
est irrigation networks is unable to supply for its needs
even for the edible oil [14, 15]. The country’s economy has
had a burden of a huge import bill of 3.2 million tonnes
of edible oils costing over 3 billion USD to the country’s
already struggling economy in the year 2017-18 [15].
The country’s local edible oil production only accounts
for fulfilling the 12% of the country’s requirement with a
production of 0.431 million tonnes recorded in the year
2017-18 which rules out the possibility of avoiding this
heavy toll on the country’s economy [15]. Another pos-
sible untouched contender for the raw resource for bio-
diesel production is the microalgae. The suitability of the
marginal lands as well as the immense saline lands in the
country for the algal culture has been reported by various
authors [13, 16, 17] but the pool of this resource doesn't
exist and thus needs introduction for cultivation and bio-
diesel production which, considering the overall slow pace
of the AEDB in bringing the renewable energy technolo-
gies about [18], is a far-fetched approach. Demand for a
readily available resource for achieving the target set by
the Government of Pakistan to reach 10% biodiesel blend-
ing into the country’s overall fuel usage by the year 2025
is clearly established [13, 19, 20]. This brings us to a rather
new yet promising contender for the resource supply for
biodiesel production in the country to meet the target,
waste cooking oil (WCO). The scientific community has
been very busy investigating the ways to improve the
fatty acid methyl ester (FAME) yield from the transesteri-
fication of the waste cooking oil by employing different

approaches, conditions and catalysts. The amount of work
that has been done on the waste cooking oil to biodiesel
production is promising enough to take it up as a resource
for biodiesel production here in Pakistan considering a
very high use of the cooking oil in the country [21, 22]. This
study engages the well-established GIS based resource
potential to assess the biodiesel potential from WCO in
Pakistan [23, 24]. The technique of spatial assessment of a
resource availability across a study area is one of the most
comprehensive and thorough approaches towards the
potential identification posed by different resources and
it has thus been widely used among the scientific com-
munity to study the potential posed by different resources
in different study areas [25, 26].

A similar study employed simulation based on a GIS
system to project the potential capacity of the biodiesel
plants based on the biomass availability in Greece. The
study employed S-curve forecasting model for project-
ing the temporal changes in the capacity as well as the
number of units pertaining to the biodiesel plants in the
study area [27]. Another study carried out for the Europe
employed a similar approach to optimize the location of
the biodiesel production plants based on brassica plants
as a resource in Sicily, Italy. The study carried out point
weight suitability analysis employing a GIS and Mat-
lab based centroid mathematical model to suggest the
optimized biodiesel point location in the study area [28].
Another study assessed the policy aspects of the biodiesel
production in Thailand, which aims to achieve 25% of
the biofuel share in the country’s mix by 2021. The study
employed GIS based mapping to highlight the potential
for a sustainable supply of the resource to produce bio-
diesel [29]. Another study to employ the GIS based map-
ping for biodiesel production supply in Iran was carried
out which considered the second generation resource
microalgae to be the feedstock for the aimed production.
The study carried out the site suitability assessment based
on the resource availability for the study area based on the
GIS program to optimize the power plant location [30]. Var-
ious other studies have been carried out employing similar
GIS based models to carry out the resource assessment for
numerous resources such as biomass to bio-energy, solar
energy and wind energy to name a few [31-33].

The use of waste cooking oil in the production of bio-
diesel through transesterification is not only preferable
because of the process-ready availability of the resource
but also due to the less energy intensiveness of the over-
all process compared to the extraction of biodiesel from
all of the first, second and third generation biodiesel pro-
duction resources as it is directly put to transesterification
without the energy intensive steps of the oil extraction,
or seed pressing etc. [34, 35]. The recent wave around the
technology among the scientific community is rather new
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compared to the other resources for biodiesel production
like Jatropha or the microalgae. Nature of the resource
calls upon an inter-disciplinary pool of scientists to carry
out the process optimization therefore some very com-
prehensive approaches and studies to optimize biodiesel
production have recently been carried out [36, 37]. Use of
different catalysts has been studied to improve the pro-
cess to an extent that the FAME yields of over 90% have
also been reported using different catalysts and conditions
[38-40] The use of homogenous, heterogeneous, nano-
catalysts has been studied but overall the performance of
the process when catalyzed by alkali, alkoxides, hydrox-
ides and alkaline metal oxides has been reported to be the
most effective and if we compare the acid-base catalysts,
the acid based catalysts have been found to be performing
better under the higher alcohol to oil molar ratio exposure
at moderate pressure and temperature [41, 42]. Various
studies have also been performed analyzing the properties
of the produced biodiesel as a fuel in conventional inter-
nal combustion engines and the fuel has been reported
to be very competitive in the fossil fuel dominated liquid
fuel arena, used both in the form of blends and indepen-
dently [43-46]. Studies to evaluate the economics around
the waste cooking oil to biodiesel have also been carried
out, most of which have concluded in finding the cost of
biodiesel to be less than the petro diesel with the payback
period for the biodiesel production reported to be around
4 years which can vary depending upon the country and
the conditions put on in the model [47, 48]. Equation 1
gives a general expression for the production cost evalu-
ation of biodiesel from waste cooking oil per liter in a pro-
duction plant [49].

Cost of production 0.304FOI + 2.73LC + 1.23 (UC + WTC + RMC)
(M

where FOI is the fraction of the investment and the LC,
UC, WTC and RMC are the different costs namely the labor
cost, cost of the utilities, waste treatment costs and the
raw material costs respectively. These and various other
scientific studies are more than convincing enough for
the investors and the waste management companies to
take up the waste cooking oil to biodiesel production as
a trusted and implementable technology. In order for the
idea to further strengthen, an availability assessment for
the resource is rather necessary because the technical
aspects are only reminiscent with the scientific community
but in order for an idea to resonate with the policy mak-
ers, such evidences on the abundant resource availability
are to be presented to them in a comprehensive manner.
Biodiesel research in Pakistan has mainly focused on the
identification of the potential for production from non-
edible oils or from the microalgae. Studies reviewing the
available options to mainstream the biodiesel production
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from microalgae in the country [13], discussing the poten-
tial of the non-edible oilseed crops to be used for power-
ing the biodiesel production [50] and the policy review of
the biodiesel production in the country have been carried
out in the recent past [11]. For the waste cooking oil to
biodiesel production, a review article on the status quo
of the technology in Pakistan was carried out. The study
assessed the economics of a supply chain for a plant for
producing biodiesel using waste cooking oil including the
resource availability, the cost of acquiring and the possi-
ble emissions from the biodiesel to name a few. The study
found the cost of production of the biodiesel from waste
cooking oil in Pakistan based on the simulated models to
be reasonably lower than the cost of petro-diesel in the
country [12]. Another study carried out in Pakistan opti-
mized the transesterification process to achieve 94% con-
version of the waste cooking oil into the free fatty acids
with an alkali based catalyst. The results of the study show
a considerably higher production of biodiesel or FAME
with the catalyst than without [38]. Another review of the
biodiesel production from waste cooking oil deemed it to
be a very suitable technology to increase on the biodiesel
production in Pakistan was carried out. The study reviewed
the prospects and opportunities the resource poses for
biodiesel production in the country alongside establish-
ing the reliability of the technology [38]. There has been
some work done on the biodiesel production from waste
cooking oil in the country, however, none of the studies
have addressed a thorough and detailed resource avail-
ability assessment for the waste cooking oil to biodiesel
production and that’s the knowledge gap that this study
is aimed at filling in on.

2 Experimental methodology

The availability of the waste cooking oil has been assessed
by the per capita consumption of the cooking oil in the
country and since the annual oil consumption of the coun-
try was reported in the Economic Survey of Pakistan to
be 3.63 million tonnes in the year 2017-18 [15] and the
population census carried out in the country gave the
population of the country to be 207.77 million [15], com-
bining this with the population data from Azad Jammu
and Kashmir (AJK) and Gilgit Baltistan (GB) [34, 35], the
total combined population is calculated to be 212.73 mil-
lion people thus yielding the per capita oil consumption
to be 0.017 tonnes per person annually. The collectability
factor for the waste cooking oil has been assumed to be
20% considering some of the social barriers as discussed
by some of the authors for different countries in collect-
ing the waste cooking oil from the masses [51, 52] and the
lack of an existing network for such collection in Pakistan.
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The biodiesel extraction potential from the cooking oil was
taken to be a rather conservative 66.25% than the optimis-
tic 90% and above as reported by some authors [38-40]
reported as an average from different types of waste cook-
ing oils by a study [53] to keep the estimates realistic. The
same metric was applied to each of the district’s popula-
tion to see the high potential districts across the provinces
and across the country.

The Geographical Information Systems (GIS) were
employed to create the spatial potential maps for the
statistically assessed resource potential. The calcu-
lated per capita edible oil consumption as discussed
earlier in this section after being subjected to both a

Fig. 1 Reference map of Pakistan with district names

collection factor and a conversion factor to the biodiesel
was entered into a GIS program called ArcGIS version
10.1. It is to clarify that unlike some other studies that
have performed resource assessment on bioenergy
potential from crop residues using the remote sens-
ing, this study relied on potential assessment outside
of the GIS programs and without the remote sensing
[54]. The reason for using such an approach is that the
remote sensing cannot be employed to this instance as
the potential being assessed is for the amount of waste
cooking oil generated. The crop residue intensity can be
mapped using remote sensing because it is detectable
using land cover analysis. The waste production by the
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people for municipal solid waste or waste cooking oil
in this instance cannot be remotely sensed using satel-
lite imagery. Therefore ArcGIS 10.1 was employed only
to create spatial heat-maps for the biodiesel production
potential across the study area. The program was then
used to create heat maps of the different regions of Paki-
stan clipped from the input raw maps using the tools
within the program. The raw input maps with the geo-
graphical information of the country’s territorial makeup
were acquired from diva GIS which is a free online

resource for such maps for about all of the countries
across the globe. The heat maps were created province
and region-wise for each of the 7 different administrative
units in the country namely Punjab, Sindh, Balochistan,
Khyber Pakhtunkhwa (KPK), AJK, Federally Administered
Tribal Areas (FATA) and GB. A reference map with district
names for understanding the heat maps is given in Fig. 1.

Table 1 Biodiesel production

) . District Population  Per capita oil Oil consumption  Collectable oil Biodiesel
p.ot.entlal from waste cooking in2017[56] consumption (20% collection) production
oil in Punjab [15] [53]

Numbers Tonnes/year Tonnes/year Tonnes/year Tonnes/year
Islamabad 2,006,572 0.017 34111.7 6822.3 4519.8
Bahawalnagar 2,981,919 50,692.6 10,138.5 6716.8
Bahawalpur 3,668,106 62,357.8 12,471.6 82624
Rahimyar Khan 4,814,006 81,838.1 16,367.6 10,843.5
D G Khan 2,872,201 48,827.4 9765.5 6469.6
Layyah 1,824,230 31,011.9 6202.4 4109.1
Muzaffargarh 4,332,009 73,644.2 14,728.8 9757.9
Rajan Pur 1,995,958 33,9313 6786.3 4495.9
Faisalabad 7,873,910 133,856.5 26,7713 17,736.0
Jhang 2,743,416 46,638.1 9327.6 6179.5
Toba Tek Singh 2,190,015 37,2303 7446.1 4933.0
Mandi Bahaudin 1,593,292 27,086.0 5417.2 3588.9
Gujranwala 5,014,196 85,2413 17,0483 11,294.5
Gujrat 2,756,110 46,853.9 9370.8 6208.1
Hafizabad 1,156,957 19,668.3 39337 2606.0
Narowal 1,709,757 29,065.9 5813.2 3851.2
Sialkot 3,893,672 66,192.4 13,2385 8770.5
Kasur 3,454,996 58,734.9 11,747.0 7782.4
Lahore 11,126,285 189,146.8 37,8294 25,062.0
Nankana Sahib 1,356,374 23,058.4 4611.7 3055.2
Okara 3,039,139 51,665.4 10,333.1 6845.7
Sheikhupura 3,460,426 58,827.2 11,765.4 7794.6
Khanewal 2,921,986 49,673.8 9934.8 6581.8
Lodhran 1,700,620 28,910.5 5782.1 3830.6
Multan 4,745,109 80,666.9 16,1334 10,688.4
Pakpattan 1,823,687 31,002.7 6200.5 4107.9
Sahiwal 2,517,560 42,798.5 8559.7 5670.8
Vehari 2,897,446 49,256.6 9851.3 6526.5
Attock 1,883,556 32,020.5 6404.1 42427
Chakwal 1,495,982 254317 5086.3 3369.7
Jhelum 1,222,650 20,785.1 4157.0 2754.0
Rawalpindi 5,405,633 91,895.8 18,379.2 12,176.2
Bhakkar 1,650,518 28,058.8 5611.8 3717.8
Khushab 1,281,299 21,7821 4356.4 2886.1
Mianwali 1,546,094 26,283.6 5256.7 34826
Sargodha 3,703,588 62,961.0 12,592.2 83423
Total biodiesel production potential 249,260.0
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Fig.2 Biodiesel from waste
cooking oil potential across
Punjab

3 Results and discussion

The GIS based potential for the biodiesel production
across each of the administrative units are given here in

their respective sections.

Fig. 3 Biodiesel from waste
cooking oil potential across
Sindh
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3.1 Punjab

Punjab is the largest population province in the coun-
try [55] which translates into an overall higher potential
from waste cooking oil to biodiesel production. The total
potential offered by the province accounts for over half the
potential of biodiesel production from waste cooking oil
sitting at 249,260 tonnes of biodiesel as per the very con-
servative estimates which is still pretty high. The highest
potential is offered by Lahore, Faisalabad and Rawalpindi
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Table 2 Biodiesel production potential from waste cooking oil in Sindh

District Population in Per capita oil con- Oil consumption Collectable oil (20%  Biodiesel production [53]
2017 [56] sumption [15] collection)
Numbers Tonnes/year Tonnes/year Tonnes/year Tonnes/year

Badin 1,804,516 0.017 30,676.8 6135.4 4064.7
Dadu 1,550,266 26,354.5 5270.9 3492.0
Hyderabad 2,199,463 37,390.9 7478.2 4954.3
Jamshoro 993,142 16,883.4 3376.7 22371
Matiari 769,349 13,078.9 2615.8 1733.0
Tando Allahyar 836,887 14,227.1 28454 1885.1
Tando M Khan 677,228 11,5129 2302.6 15255
Thatta 979,817 16,656.9 33314 2207.0
Karachi 16,051,521 272,875.9 54,575.2 36,156.1
Jacobabad 1,006,297 17,107.0 34214 2266.7
Kashmore 1,089,169 18,5159 3703.2 24534
Larkana 1,524,391 25914.6 51829 3433.7
Shikarpur 1,231,481 20,935.2 4187.0 27739
Mirpurkhas 1,505,876 25,599.9 5120.0 3392.0
Mithi 1,649,661 28,044.2 5608.8 37159
Sanghar 2,057,057 34,970.0 6994.0 4633.5
Umerkot 1,073,146 18,243.5 3648.7 2417.3
Ghotki 1,646,318 27,987.4 5597.5 3708.3
Khairpur 2,404,334 40,873.7 8174.7 5415.8
Naushahro Firoz 1,612,373 27,4103 5482.1 3631.9
Nawab Shah 1,612,847 27,4184 5483.7 3632.9
Sukkur 1,487,903 25,2944 5058.9 33515

Total biodiesel production potential

103,081.2521

districts due to their high populations with the highest
potential offered by Lahore of 25,062 tonnes per year of
biodiesel production potential from the waste cooking oil
followed by Faisalabad at 17,736 tonnes per year. It is to
note that this high amount of biodiesel produced from the
waste cooking oil in these districts can easily be used by
local transport sectors in these districts. The detailed cal-
culation and district-wise potential across Punjab is given
inTable 1. The heat map for the potential across Punjab is
givenin Fig. 2.

3.2 Sindh

Sindh is the second highest population district in the
country, the most of which, comes from Karachi, the trade
and commerce hub of Pakistan. The unmatched peak of
Karachi in the southwest of the province can be seen in
the Fig. 3 which sits at 36,156 tonnes per year of biodiesel
production potential followed by Sanghar and Hyderabad
with a massive margin, which both sit at 5416 tonnes per
year and 4954 tonnes per year of biodiesel production
from waste cooking oil. The total potential for the biodiesel
production as per the conservative estimates is 103,081
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tonnes which is less than half the potential offered by Pun-
jab. The detailed calculation and district-wise potential is
givenin Table 2.

3.3 Khyber Pakhtunkhwa (KPK)

Khyber Pakhtunkhwa (KPK) is the third largest province
with respect to population in Pakistan and is located in
the northwest of the country. The total biodiesel poten-
tial from Khyber Pakhtunkhwa as per the estimates is
68,367 tonnes per year with 22 districts contributing to
the number. The highest potential offered by a district in
the province is 9616 tonnes per year from Peshawar fol-
lowed by Dir and Mardan districts coming very close to
each other but with a significant margin with Peshawar
at 5366 tonnes per year and 5345 tonnes per year respec-
tively. The detailed calculation and district-wise potential
heat maps for Khyber Pakhtunkhwa are given in Table 3
and Fig. 4 respectively.
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Table 3 Biodiesel production potential from waste cooking oil in Khyber Pakhtunkhwa

District Population in Per capita oil con- Oil consumption Collectable oil (20%  Biodiesel production [53]
2017 [56] sumption [15] Collection)
Numbers Tonnes/year Tonnes/year Tonnes/year Tonnes/year

Bannu 1,167,892 0.017 19,854.2 3970.8 2630.7
Lakki Marwat 876,182 14,895.1 2979.0 1973.6
Dera Ismail Khan 1,627,132 27,661.2 5532.2 3665.1
Tank 391,885 6662.0 13324 882.7
Abbotabad 1,332,912 22,659.5 4531.9 3002.4
Battagram 476,612 8102.4 1620.5 1073.6
Haripur 1,003,031 17,051.5 34103 2259.3
Kohistan 784,711 13,340.1 2668.0 1767.6
Mansehra 1,556,460 26,459.8 5292.0 3505.9
Hangu 518,798 8819.6 1763.9 1168.6
Karak 706,299 12,007.1 2401.4 1590.9
Kohat 993,874 16,895.9 3379.2 2238.7
Chitral 447,362 7605.2 1521.0 1007.7
Dir 2,382,338 40,499.7 8099.9 5366.2
Malakand 720,295 12,245.0 2449.0 1622.5
Shangla 757,810 12,882.8 2576.6 1707.0
Swat 2,309,570 39,262.7 7852.5 5202.3
Buner 897,319 15,254.4 3050.9 2021.2
Mardan 2,373,061 40,342.0 8068.4 5345.3
Swabi 1,624,616 27,6185 5523.7 3659.4
Charsadda 1,616,198 27,4754 5495.1 3640.5
Nowshera 1,518,540 25,815.2 5163.0 3420.5
Peshawar 4,269,079 72,5743 14,514.9 9616.1
Total biodiesel production potential 68,367.82594
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Fig.5 Biodiesel from waste
cooking oil potential across Balochistan
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3.4 Balochistan

Balochistan is the fourth most highly populated province
in the country. Balochistan is also the largest province with
respect to area in the country but it is mostly uninhabit-
able due to severe climate. The heat map for the biodiesel
production potential across the province is given in Fig. 5
where it can be seen that there are three major peaks
for the province in terms of the higher potential for the
biodiesel production from waste cooking oil which are
irregularly spread across the province. The total potential
that the province has to offer is 25,725 tonnes per year
to which the highest contribution is from the provincial
capital Quetta with it boasting a potential of 5126 tonnes
per year of biodiesel production followed by Kech at 2047
tonnes per year of biodiesel potential and Khuzdar with
1807 tonnes per year. The detailed calculations and the
district-wise potential is given in Table 4.

3.5 Federally Administered Tribal Areas (FATA)

The Federally Administered Tribal Areas is a territory on
the western flank of the Khyber Pakhtunkhwa province
and, as the name suggest is administered by the federal
government of Pakistan. FATA boasts a large population,
the highest in the non-province regions of Pakistan thus
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Kilometers.

boasts the highest potential among the non-provincial
territories. The total potential offered by FATA sits at
11,229 tonnes per year of biodiesel production from
waste cooking oil with 10 districts contributing towards
it. The heat map across the territory is given in Fig. 6
where it can be seen that the potential is peaking at
two districts in the north. The highest potential comes
from the northeastern district Bajaur at 2463 tonnes per
year of biodiesel production followed by Khyber at 2223
tonnes per year of biodiesel production potential. The
detailed calculation and the district-wise potential for
biodiesel production from waste cooking oil from FATA
is given in Table 5.

3.6 Azad Jammu and Kashmir (AJK)

The recent population census of Pakistan didn’t include
the Azad Jammu and Kashmir and the data for it has
been taken from the Government of AJK’s statistical
publication where they estimated the population since
the last census via extrapolation [57]. The recorded
total potential of the state is 8248 tonnes per year of
biodiesel production from waste cooking oil with 8 dis-
tricts contributing to this potential. Heat map for the
state and the potential variation across the districts is
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Table 4 Biodiesel production potential from waste cooking oil in Balochistan

District Population in Per capita oil con- Oil consumption Collectable oil (20%  Biodiesel production [53]
2017 [56] sumption [15] collection)
Numbers Tonnes/year Tonnes/year Tonnes/year Tonnes/year

Awaran 121,680 0.017 2068.6 413.7 2741
Kalat 412,232 7007.9 1401.6 928.6
Kharan 156,152 2654.6 530.9 351.7
Khuzdar 802,207 13,637.5 2727.5 1807.0
Lasbela 574,292 9763.0 1952.6 1293.6
Mastung 266,461 4529.8 906.0 600.2
Gwadar 263,514 4479.7 895.9 593.6
Kech 909,116 15,455.0 3091.0 2047.8
Panjgur 316,385 5378.5 1075.7 712.7
Bolan 237,030 4029.5 805.9 5339
Jafarabad 513,813 8734.8 1747.0 11574
Jhal Magsi 149,225 2536.8 507.4 336.1
Nasirabad 490,538 8339.1 1667.8 1104.9
Chaghi 226,008 3842.1 768.4 509.1
Pishin 736,481 12,520.2 2504.0 1658.9
Qilla Abdullah 757,578 12,878.8 2575.8 1706.4
Quetta 2,275,699 38,686.9 77374 5126.0
Dera Bugti 312,603 53143 1062.9 704.1
Kholu 214,350 3644.0 728.8 482.8
Sibi 135,572 2304.7 460.9 305.4
Ziarat 160,422 2727.2 545.4 361.4
Barkhan 171,556 2916.5 583.3 386.4
Loralai 397,400 6755.8 1351.2 895.1
Musakhel 167,017 2839.3 567.9 376.2
Qilla Saifullah 342,814 5827.8 1165.6 772.2
Zhob 310,544 5279.2 1055.8 699.5

Total biodiesel production potential

25,725.10197

Fig. 6 Biodiesel from waste
cooking oil potential across
Federally Administered Tribal

Areas
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Table 5 Biodiesel production
potential from waste cooking
oil in Federally Administered

Tribal Areas

Fig.7 Biodiesel from waste
cooking oil potential across
Azad Jammu and Kashmir

Table 6 Biodiesel production
potential from waste cooking
oil in Azad Jammu and Kashmir
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District Population  Per capita oil Oil consumption  Collectable oil Biodiesel
in 2017 [56] consumption (20% collection) production
[15] [53]
Numbers Tonnes/year Tonnes/year Tonnes/year Tonnes/year
Bajaur 1,093,684 0.017 18,592.6 3718.5 2463.5
Khyber 986,973 16,778.5 3355.7 2223.2
Kurram 619,553 10,5324 2106.5 1395.5
Largha Shirani 153,116 2603.0 520.6 3449
Mohmand 466,984 7938.7 1587.7 1051.9
North Waziristan 543,254 9235.3 1847.1 1223.7
Orakzai 254,356 43241 864.8 5729
South Waziristan 679,185 11,546.1 2309.2 1529.9
Adam Khel 118,578 2015.8 403.2 267.1
Bhittani 69,473 1181.0 236.2 156.5
Total biodiesel production potential 11,229.06
Biodiesel Potential
AJK
Tonnes
430
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N
w E
s
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District Population in Per capita oil Oil consumption  Collectable oil Biodiesel
2017 [57] consumption (20% collection)  production
[15] [53]
Numbers Tonnes/year Tonnes/year Tonnes/year Tonnes/year
Bagh 372,000 0.017 6324.0 1264.8 837.9
Bhimber 421,000 7157.0 14314 948.3
Kotli 774,000 13,158.0 2631.6 17434
Mirpur 456,000 7752.0 1550.4 1027.1
Muzaffarabad 650,000 11,050.0 2210.0 1464.1
Neelum 191,000 3247.0 649.4 430.2
Poonch 500,000 8500.0 1700.0 1126.3
Sudhnati 298,000 5066.0 1013.2 671.2
Total biodiesel production potential 8248.655
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Table 7_ Biodiesel producti.on District Populationin  Per capita oil con- Oil consumption Collectable oil Biodiesel
p.ot.entl.al from vyaste cooking 2017 [58] sumption [15] (20% collection)  production
oil in Gilgit-Baltistan [53]
Numbers Tonnes/year Tonnes/year Tonnes/year Tonnes/year
Diamer 214,000 0.017 3638.0 727.6 482.0
Gilgit 560,000 9520.0 1904.0 1261.4
Skardu 305,000 5185.0 1037.0 687.0
Astore 114,000 1938.0 387.6 256.8
Ghanche 108,000 1836.0 367.2 2433
Total biodiesel production potential 2930.5025

given in Fig. 7. The highest potential for biodiesel pro-
duction using waste cooking oil is offered by the Kotli
district which offers a potential of 1743 tonnes per year
of biodiesel production and is rather closely followed
by Muzaffarabad at 1464 tonnes per year. The detailed
calculation and district-wise potential for biodiesel
production from waste cooking oil in Azad Jammu and
Kashmir is given in the Table 6.

3.7 Gilgit-Baltistan (GB)

The population census of 2017 excluded Gilgit-Baltistan
with the Azad Jammu and Kashmir as well and therefore
the extrapolated data from the Gilgit-Baltistan govern-
ment has been used which was only available till the year
2013 [58]. The total potential boasted by the region is
2,930 tonnes of annual biodiesel production per year. The
heat map for the variation within the districts has been
given in Fig. 8. It can be seen that the Gilgit district has

the highest potential to offer at 1261 tonnes per year of
biodiesel production followed by Skardu at 687 tonnes
per year of biodiesel potential. The detailed calculation
and the tabular expressions for the district-wise variation
across Gilgit-Baltistan is given in Table 7.

3.8 Discussion

Taking a look at the work done on the waste cooking oil to
biodiesel technology, we come across a lot of work on the
type of catalyst that should be used for transesterification
[59, 60]. Another area that the scientific community has
contributed to the knowledge about the technology is the
assessment of the fuel on whether it is suitable to be used
in existing energy systems [35, 43, 61]. Such studies have
established the foundation for the researchers to build on
to experiment on the real life adaptability of the technol-
ogy. The studies like techno-economic analyses, identifi-
cation of social barriers in the adoption and the resource
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assessments are needed for the technology. This study
assesses the resource’s potential using statistical meth-
ods to represent using GIS maps. This approach has been
reported for the resource assessment of bioenergy by vari-
ous authors [24, 33]. The approach used by the other simi-
lar studies to assess the resource potential is often driven
by the remote sensing, especially when the study deals
with crop residues. That approach renders fairly accurate
results but demands for the resource in consideration be
remote sensing capable such as land cover. The resources
like waste cooking oil or municipal solid waste that usu-
ally rely on per capita waste production and the popula-
tion density cannot benefit from the remote sensing [1].
This study uses the statistical estimation for the resource
potential and maps it on the GIS based maps which is a
logically sound approach to take for such resources and
has been reported [32]. The study projects the availability
of a sustainable resource for biodiesel production along-
side the heat-maps for the potential of the resource. In
order for the scientific community to bring the biodiesel
production technology to the mainstream, the studies
like this, using sustainable resources that do not pose any
challenges to land use and food security, are needed. This
study has the potential to motivate young researchers to
delve into the resource assessment of waste cooking oil to
biodiesel technology as well as to act as a guide for them
in doing so.

4 Conclusion

Though there have been some efforts made by the local
scientific community in putting forth the use of waste
cooking oil for biodiesel production with some very genu-
ine approaches towards establishing the resource in the
country [12, 62, 63], none pertained to the spatial availabil-
ity assessment as carried out in this study. The total poten-
tial of biodiesel production from waste cooking oil assum-
ing collection of just the 20% of waste cooking oil and
a mere 66.25% oil conversion ratio is 468,842 tonnes per
year of biodiesel with the highest share for it coming from
Punjab at 249,260 tonnes per year of biodiesel from cook-
ing oil. In case the results from the authors who reported
the diesel extraction from the waste cooking oil to be 90%
[38-40] were to be taken into account, the total poten-
tial offered by the country with the same 20% of residual
cooking oil recover would soar up to 636,918 tonnes per
year of biodiesel from waste cooking oil with the contribu-
tion from Punjab soaring up to 338,617 tonnes per year of
biodiesel. Some of the recommendations in order to bring
about this resource being utilized for biodiesel production
are as follows:
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e Subsidizing the investments in the bio-energy sector
by using similar strategies used to establish the solar
energy technology markets in the country.

e Introduction of Carbon tax on the high emitter indus-
tries and sectors to promote the use of clean and green
fuels.

¢ Introduction of waivers to the introduced Carbon taxes
for the high emitters investing in the sector by building
biodiesel production units from waste cooking oil and
other resources.

¢ Introduction of the tradable waste disposal charges to
the restaurants and the domestic consumers based on
the scale of waste generation offering trade with the
waste cooking oil provision in form of waivers to the
disposal costs.

e Urging the major oil refineries in the country to set up
a unit for waste cooking oil to biodiesel production in
their respective cities of operation.

e Diversion of the transport sector from import based
diesel to the biodiesel by government anchored bio-
diesel production plants for the public transport in the
respective cities of production.

e Encouraging entrepreneurship in the bio-energy sec-
tors by initiating easy loans for the startups around bio-
energy and biodiesel production from waste cooking
oil.

This study is an evidence of the realistic potential that
the waste cooking oil to biodiesel production poses in the
country which can not only help the country reach its tar-
get of having 10% share of biofuels in the country’s petro-
leum sector but also reduce the burden on the country’s
economy in the form of both edible and crude oil imports
by effectively utilizing the former to reduce the import of
the latter.
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