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A B S T R A C T

Due to the large amount of diesel fuel demands worldwide and the negative environmental and health impacts
of its direct combustion, biodiesel production and consumption have been globally increasing as the best short-
term substitute for mineral diesel. However, using edible and non-edible oil feedstocks for biodiesel production
has led to several controversial issues including feedstock availability and cost, greenhouse gas (GHG) emission,
land use changes (LUC), and fuel vs. food/feed competition. Fortunately, these problems can be effectively
overcome using non-crop feedstocks. In this context, waste-oriented oils/fats have been proposed as the
excellent options to produce biodiesel by overlooking the trivial collection/recycling costs. In this review article,
a comprehensive collection plan followed by an elaborated integrated utilization strategy called “waste oil
biodiesel utilization scenario” (WO-BUS) is proposed for Iran in order to achieve cost-effective and eco-friendly
production/consumption of biodiesel. WO-BUS is adoptable by the countries with similar situations and
infrastructures.

1. Introduction

The world's total primary energy consumption (TPEC) is increasing
day-by-day because of increasing population and modernization. In the
year 2015, the world's TPEC stood over 150,000,000 GW h and it has
been envisaged to rise by 57% by the year 2050 [1] (Fig. 1). This
dramatic growth of energy consumption will eventually result in more
GHG emissions and more environmental problems [2]. Today, over
80% of the total energy used in the world is provided by fossil fuels,
leading to their severe contribution to environmental and health
concerns [3,4].

Due to the above-mentioned concerns, tremendous efforts have
been made to find the best alternative fuels for overcoming the
economic and environmental impacts of fossil fuels consumption

around the world [5–10]. In case of Iran, this issue becomes more
serious because of the extreme dependency of the country's manufac-
turing and transportation sectors on low-price energy resources,
making its economy very vulnerable to any changes in policies such
as the fossil fuels subsidies removal state program implemented in
2010. Therefore, it is vital to scrutinize the country's current and future
situations and potentials in order to find practical ways to manage its
national energy scenarios more efficiently and in a less risky manner.
According to Zarifi et al. [11], Iran's transportation sector is the second
largest energy consumer of the country. Thus, replacement of a portion
of national gasoline and diesel demands, which are the major trans-
portation energy careers in Iran, with renewable and carbon-neutral
fuels like bioethanol and biodiesel can effectively mitigate the high
vulnerability of this sector in terms of fossil-derived fuels dependency.
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Such a sustainable strategy not only can boost energy efficiency but also
can balance economic and social development through environment
protection.

The present manuscript was aimed at comprehensively discussing
various aspects of energy resources and demands in Iran, particularly
diesel fuel, with a focus on biodiesel production and consumption as a
suitable and sustainable diesel alternative. In this regard, a detailed
survey was conducted to achieve the most compatible feedstocks with
Iran's current situation, needs, and transportation fleet. Based on the
thorough investigation carried out herein, WCO was found to be an
economically-viable feedstock in Iran for biodiesel production.
Accordingly, biodiesel production from the WCO was thoroughly
discussed in a separate category because of its different GHG footprint
and LUC compared with the other biodiesel feedstocks. After present-
ing a financial feasibility analysis, a comprehensive collection plan
followed by an elaborated integrated utilization strategy called "WO-
BUS" was finally proposed for Iran's situation in order to attain
sustainable production and consumption of biodiesel.

2. Overview of energy resources and consumption

Iran is a developing country with a total population of over 80
million [12]. The country is ranked as the world's 9th energy producing
country [13] possessing the second and fourth largest proven natural
gas and petroleum reserves in the world, respectively [14] (Figs. 2 and
3). Hence, the majority of energy demands in Iran is fulfilled by its own
conventional energy resources. For instance, natural gas and oil
products contribute to nearly 98% of the country's total energy
consumption, while coal, hydropower, nuclear, and non-hydro renew-
able energies have a marginal share on Iran's energy market [14].
Fallaciously, it may be imagined that Iran, having such a huge reserve
of fossil fuels, does not need to plan for any other alternative fuels. In
contrast, the country is obligated to diminish the present over-
dependence on fossil fuels and more importantly the associated
environmental impacts. Moreover, Iran is always at high risk of losing
its market since the country economy depends to a significant extent on
oil export revenues (a political economy). For instance, Iran experi-
enced a shocking decline of about 40% in the petroleum products
export revenues in the year 2013 compared with the year 2011 because
of the U.S. and EU sanctions [14]. On the other hand, the global fossil
oil reserves are anticipated to be depleted within the next 45 years [15].

These are why the renewable energy production will turn to be one of
the most important economic growth criteria of the countries in the
near future.

It is worth quoting that as a developing country, Iran is also
suffering from tremendous increases in the rate of energy demand and
consumption. According to a report published by British Petroleum
(BP), Iran's TPEC stood at 3107536 GW h in the year 2015 i.e. 2% of
the world's TPEC [16] (Fig. 4). The country experienced a dramatic
increase in the energy consumption by more than 50% since 2005
ranking it as the 1st and 10th energy-intensive country in the Middle
East and the world, respectively [16]. Iran's TPEC is expected to further
grow given the current state policies being implemented in order to
boost the population (Fig. 5). It is worth noting that even though the
population growth rate of Iran was only 1.27% in the year 2015, its
TPEC growth rate was 2.5%. This manifests that the energy consump-
tion pattern in Iran depends on various factors in addition to the
population growth rate such as economic growth, uncontrolled urba-
nization [17], luxury consumption behavior among the Iranian con-
sumers, generous subsidy programs, and weak resource management.
These in turns have led to rapidly-growing energy consumption and
high-energy intensity levels over the past decades [18].

Based on the statistics released by Iran Energy Efficiency
Organization (IEEO), the country's energy consumption per capita in
agriculture, housing, transportation and industry sectors were 3.1, 1.8,
1.5, and 1.4 times higher than those of the global averages in the year
2015, respectively [20], drastically complicating its energy manage-
ment scenarios. As a result, although Iran has a unique status in the
global energy supply, this country was one of the biggest petroleum
products importers. In the year 2014, the country imported almost 9.7
million liter per day of petroleum derivatives, out of which 94% was
gasoline to meet the high demands of the transportation sector [14]. In
addition, Iran not only consumes almost all of its exploited natural gas,
but also imports a portion of its natural gas demands for household
application in cold seasons [14]. Such continuing trend of rising energy
consumption will bring about new challenges for Iran by shrinking oil
export revenues and subsequently restraining economic activities.
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Fig. 1. Trends in global gross domestic product (GDP), population, TPEC, and Carbon
Dioxide (CO2) emissions vs. time [1].
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Fig. 2. Largest proven reserve holders of natural gas (billion m3), January 2014 [14].
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Fig. 4. Trends in TPEC in Iran 2005–2015 [16].
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Moreover, Iran also faces continued depletion of its oil reserves in a
range of 8–13% per year, which will eventually confront the country
with innumerable problems in the next few decades [21].

The statistics released by the Ministry of Energy of Iran shows that
residential and commercial sectors have the largest contribution to the
country's TPEC, followed by industrial and transportation sectors
(Fig. 6) [20]. Additionally, the majority of the oil products of about
61.5%, was used in the transportation sector in the year 2015 (Fig. 7)
[20]. Indeed, the country's transportation sector is entirely dependent
on fossil fuels while there has been no room for renewable fuels in this
sector up to date. The main petroleum-derived products used in the
Iran's transportation sector included diesel and gasoline, meeting
99.64% and 56.85% of the country's total gasoline and diesel demands,
respectively, in the 2015 [20].

Apart from the above-mentioned challenges faced, air pollution
associated with using fossil fuels has also become a tragic phenomenon
in Iran's megacities. More specifically, fossil fuels were responsible for
about 616 million tons of GHG and air pollutants emitted in Iran,
mainly by power plants and transportation sector, in the year 2015
(Fig. 8) [20]. It is worth quoting that Iran has shown a remarkable
growth in total fossil-fuel CO2 emissions since 1954 (6.3% per year)
[20], to the extent that it became the world's top 9th emitting country
in year 2015 [22] (Fig. 9). Iran's CO2 emission per capita was reported
at 7.56 t in the year 2015 whilst the world's average was only 4.6 t

[20,23].
Based on the BP energy outlook, the global emissions in the year

2035 are expected to nearly double the 1990 level, while the World
Health Organization (WHO) stated that currently around 7 million
people die each year owing to air pollution, i.e., one eighth of the total
global deaths [24,25]. In addition, as it can be comprehended from the
data presented in Fig. 9, the CO2 emission is closely proportional to the
population size of each country. Accordingly and given the estimated
population size of Iran; i.e., over 100 million in the year 2050, the
country is expected to face a tremendous amount of CO2 emissions of
over 730 million tons in that year.

2.1. Current production rate and demands for diesel fuel

Diesel is the world's pioneer of petroleum-based fuels. Based on the
statistics released by the OPEC, the global consumption of diesel fuel
was about 4.1 billion liters per day in the year 2012, accounting for
29% of the total petroleum-based fuels demands. Diesel fuel utilization
has been foreseen to grow to about 5.7 million liters (ML) per day
(33.2% of the total petroleum-based fuels) by the year 2035 (Fig. 10)
[26] as a result of the increasing number of heavy-duty trucks as well as
the growing transportation and industrial sectors. Moreover, diesel fuel
will play a more significant role in the marine sector from 2020 to
2040, in response to the stricter environmental regulations enforced by
marine standards [27]. In parallel with the global trend, Iran's
petroleum-based fuels consumption pattern will be accordingly direc-
ted toward the use of diesel fuel. According to Fig. 11, diesel fuel
accounted for about 41.4% of the total petroleum-derived fuels
consumption in the year 2015, in Iran (Fig. 11) [20]. The average
global growth rate of diesel fuel consumption has been estimated at
1.9% [26], while it has been found to be 3% for Iran since the year
2005. It is envisaged that this increasing trend will continue at least
with the same rate in the future in spite of the government efforts to
control energy consumption [20]. This is ascribed to an increase in the
country's population growth rate, rapid industrialization, developing
country-wide transportation networks, and finally the governmental
strategies to encourage the citizens to use public transportation. In the
year 2015, Iran's diesel fuel exports experienced a significant decrease
of 96.2% in comparison with the same previous year due to the
tremendous increase of the transportation sector demand for this fuel
[20].

As shown in Fig. 12, the majority of diesel fuels in Iran was
consumed by the transportation sector followed by power plants. More
specifically, in the year 2015, Iranians utilized 36.4 billion L of diesel,
out of which 56.8% was just consumed in the transportation sector and
over 24.3% was used by power plants [20]. In fact, the 20.7 billion L
diesel fuel consumed in the 2015 by the transportation sector was 1.5%
higher than that of the previous year. This large volume of diesel fuel
was mainly consumsed by the road transportation sector including
approximately 1.2 million on-road diesel vehicles. It is worth quoting
that the annual growth rate of on-road diesel vehicles in Iran is
estimated to be 12.39%, indicating the serious fuel shortages the
country is bound to face in the near future [28]. On the other hand,
as a result of natural gas supply shortages experienced in the year 2013,
several gas-fired power plants have been switched to use oil and diesel
during cold seasons. Therefore, re-occurances of such incidents in the
future could greatly jeopardize the energy-supply security in the
country.

Beside the risk of petro-diesel depletion, using the huge amounts of
this middle distillate petroleum fuel has brought high levels of air
pollution, leading to serious environmental and human health concerns
and consequently losses of Iran's national assets. The most dangerous
air pollutants generally produced by means of diesel combustion are
sulfur compounds, nitrogen oxides, and suspended particulate matters
(SPM) (Table 1). Sulfur oxides and nitrogen oxides emitted mostly by
the utilization of diesel fuel (in the form of acid rains) are the main
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contributors to global acidification, corrosion, as well as trees and crops
damages [29,30]. Furthermore, diesel exhaust emissions cause ground-
level ozone and reduce visibility [31,32]. In addition, it is well
documented that organic constituents present in diesel engine exhaust
emissions contain some highly carcinogenic compounds such as nitro-
polyaromatic hydrocarbons [33]. In fact, diesel fuel has been nomi-
nated as the main culprit for more than half of the most dangerous
emissions like SO3, N2O, and SPM, emitted in the country in the year
2015 (Table 1).

These grave environmental and human health concerns associated
with the large-scale petrodiesel consumption plus the growing de-
mands for this energy carrier and its unstable prices are gradually
making it economically and ecologically unsustainable. These issues

have stimulated the Iranian government to explore for abundant and
cleaner alternatives to mineral diesel by considering their compatibility
with the existing infrastructures [37].

2.2. Governmental strategies for fuel consumption and emissions
control

Emissions policies and energy efficiency trends are strong drivers
for limiting the energy consumption growth [1]. In the past decades,
the Iranian government allocated tremendous subsidies to energy and
some special fuels to boost the economy and improve people's
livelihood. Due to this strategy, Iran has the second lowest diesel price
(0.1 USD/L) in the world after Venezuela while the average global
diesel price is 0.86 USD/L [38]. Contrary to expectations, this policy of
subsidizing energy prices has had multidimensional negative effects on
the country's economy. Low energy efficiency of the high energy-
consuming industries, environment degradation in urban and subur-
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ban areas, and imposing a huge burden on the government budget
resulting in macroeconomic disturbances are some drawbacks of such
policy's consequences [39]. To address these concerns, the government
commenced an aggressive and ambitious interventive program for
reforming energy price in February 2010 in order to control the budget
deficit and to mitigate the increasing trend of energy utilization. On the
basis of this reform or the so-called "Targeted Subsidies Law" passed by
the parliament, fuel prices were increased by up to 90% (currently 75%
of the export prices) [39]. In this regard, diesel, historically receiving
considerable government subsidies, experienced the first price increase
in December 2010, i.e., 9 and 21 fold increases depending on the
consumer category. In a study conducted by Shafie-Pour and Ardestani
[40] in the year 2007, i.e., three years before the ratification of this
plan, they claimed that air pollution and the corresponding costs
associated with total health damage could be effectively mitigated by
2019 only through the implementation a price reform adopted by the
government, i.e., elimination of energy subsidies without sectoral
measures [40]. In fact, they estimated that if the price reform and
policy intervention were effectively applied, energy consumption in the
domestic sector, GHG emissions, and the associated health damage
costs caused by fossil fuels in 2019 would be 50% lower than the
business-as-usual scenario in the same year [40].

Beside the increase in energy carrier prices, the Iranian government
has also taken serious measures to lead the community towards using
the public transportation in order to control the increasing air pollution
[41,42]. For instance, through adopting traffic control strategies, the
government has put restrictions on the commutation of mostly gaso-
line-fired passenger vehicles, and instead promoted mostly diesel-fired
public transportation system. This in combination with the manifold
increase of gasoline price, acted as a lever to lead the community to use
the public transportation [43]. However, that in turn elevated diesel
consumption throughout the country.

It is worth mentioning that all the passenger vehicles in Iran are
equipped with internal combustion engines from which 85% run by
gasoline and the rest are flexible fuel cars, i.e., gasoline and compact
natural gas (CNG). This is in fact against the current scenario in most
parts of the world where on average more than 25% of the driving
power of passenger vehicles is met by diesel [44]. This portion reached
60% for new car registrations in European Member states [45]. Based
on anticipations, the average global portion of diesel engine passenger
vehicles will reach over 35% by 2020 [44]. The global trend of vehicle
dieselisation occurred due to the inherent efficiencies of diesel engines
and higher energy content of diesel [46]. In fact, diesel engines (direct
injection (DI)) have extensive usage compared to otto engines on
account of their low-operating and maintenance costs, longer lifetimes,
high energy efficiency, durability, reliability, and proper acceleration
[33,44,47]. Overall, diesel engines have 35% and 27% lower fuel
consumption and CO2 emissions, respectively, as well as 53% higher
fuel economy as compared with gasoline engines [48].

Considering all the above-mentioned advantages of diesel engine
vehicles, the Iranian parliament approved the manufacturing and
importation of diesel cars from the year 2010 in order to decelerate
the increase in gasoline fuel consumption and air pollution [49]. In the
same year, Kazemi, the then-CEO of the Iranian Fuel Conservation
Organization and later the CEO of the national Iranian oil refining and
distribution company (NIORDC), stated that diesel engine passenger
vehicles should enter the transportation fleet and make upto 24% of the
light-duty vehicles fleet by the end of 2026. Accordingly and based on a
plan initiated in 2012, introduction of 600,000 diesel cars into the
transportation fleet was targeted. If successfully implemented, an extra
amount of about 18 ML diesel per day would be needed [50].

In response to such dieselisation policies, Iran Khodro company
(IKCO), the largest car manufacturer in the Middle East, unveiled the
first national diesel engine for passenger cars, named EFD, in

Table 1
Diesel fuel emissions [20,30,33–36].

Emission Associated health problems of the ambient levels of component Share (%) contributed by diesel
exhaust emissions in Iran

Typical diesel exhaust
emissions composition

NOx – Irritating lungs and lowering resistance to respiratory infection (such as
influenza) as well as increasing airway reactivity

– Coughing, chest tightness, wheezing, and difficulty in breathing
– Eye irritation

40.6a 0.003–0.06 (vol%)

SO2 – Respiratory symptoms and increasing probability of respiratory mortality
– Lung diseases and decreasing lung function in Asthmatics
– Decreasing birth weight
– Increased incidence of sperm abnormalities
– Clastogenic and genotoxic for exposed occupational populations

36.3 Proportional to fuel S content

SO3 – Same effects as SO2 with 10 times more toxicity mainly for the respiratory system
– SO3 forms sulfuric acid in contact with water which could occasionally lead to

skin, eyes, lungs, and digestive tract burns while severe exposures can also result
in death.

48.7 Proportional to fuel S content

CO – Inhalation by the lungs and transmission into the bloodstream
– Inhibition of oxygen transfer capacity of hemoglobin
– Decreased exercise capacity, slow reflexes, and confusion
– Asphyxiation

1.8 0.01–0.1 (vol%)

SPM – Affecting the immune system by lowering resistance to infectious organisms like
viruses and bacteria

– Respiratory problems, lung damages, asthma, and lung cancer
– Decreasing lung growth and function in children
– Eye irritation
– Cardiovascular problems
– Diminishing reproductive performance
– Premature death

75.1 20–200 (mg/m3)

CO2 No direct health problems 17.2 2–12 (vol%)
HCb – Respiratory tract irritation

– Toxic and carcinogenic
8.1 0.005–0.05 (vol%)

N2O – Eye and skin irritation
– Respiratory problems

63.7 Not determined

a This indicates that 40.6% of the total NOx generated in Iran is contributed by diesel exhaust emissions.
b Hydrocarbons such as CH4.
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collaboration with the National Iranian Oil Refining and Distribution
Company, on November 17, 2009. The company was scheduled to
comence the large-scale manufacturing of this engine by the end of
2015. IKCO's strategy is to increase the manufacturing of diesel
engines upto 100,000 sets by 2016 [51].

Passenger diesel vehicles need high quality diesel fuel coinciding
with the Euro 4 and 5 standards while despite of all promotionary
policies, incentives and acts, the diesel produced in Iran is of extremely
low quality and could hardly be used in passenger cars. So, the
production of sufficient high quality diesel fuel to meet the fuel
requirements of the projected number of diesel vehicles is indispen-
sable. Moreover, based on the new population growth policy adopted
by the government aiming to boost the Iraninan population [52],
considerably more high quality diesel fuel will be needed in both the
transportation and electricity generation sectors in the future.

As a result, the government shows a growing interest in rapid
development of facilities capable of producing high quality diesel fuel.
Moreover, new policies and incentives came to place in 2015 paving the
way to introduce different biodiesel-diesel blends (i.e., B2 and B5) into
the Iranian energy market by 2016.

3. Biodiesel as a promising renewable energy carrier

Biodiesel, the monoalkyl ester of long chain fatty acids, is a
potential renewable alternative to the non-renewable petroleum-
derived diesel fuel [53–55]. This promising renewable fuel has become
widely acceptable in the energy market owing to its unique features
including higher cetane number in comparison with petrodiesel, lack of
Sulfur, inherent lubricity, positive energy balance, higher flash point,
compatibility with the existing fuel distribution infrastructure, renew-
ability, and domestic origin [56,57]. Moreover, biodiesel emits 20%,
30%, and 50% less HC, CO, and smoke, respectively, compared with
diesel fuel [58,59]. However, it is worth mentioning that brake thermal
efficiency (BTE) of biodiesel is 2% lower than that of diesel fuel and its
specific fuel consumption is 13% higher than neat diesel [58].

Biodiesel could be blended with fossil-based diesel in any propor-
tions creating a stable fuel blend with premium features that could be
used without needing for any engine modifications [60]. Since biodiesel
is produced from virgin or used plant oils and animal fats, therefore, it
is biodegradable and non-toxic [61]. Moreover, biodiesel could con-
tribute to the mitigation of GHG emissions by reducing most exhaust
emissions and therefore, could improve public health, while decreasing
dependence on petroleum products [60]. Combustion of neat biodiesel
(B100) leads to more than 90% reduction in total unburned hydro-
carbons in comparison with petro-diesel, and 75–90% reduction in
polycyclic aromatic hydrocarbons (PAHs) [62].

Biodiesel should have a number of certain characteristics to be an
excellent substitute for conventional diesel and gasoline as a transpor-
tation fuel, i.e., 1) possess superior environmental benefits, 2) be
economically competitive, 3) be producible in adequate quantities, and
4) possess a positive net energy balance ratio (NER) [63]. In the year
2014, as the second largest category of global biofuel and because of its
widespread acceptance around the world, biodiesel had experienced
10.3% production increase to meet the global level of 29.7 billion L
[64]. As shown in Fig. 13, United States is the leading producer of
biodiesel with 4.7 billion liters biodiesel production.

3.1. Biodiesel feedstocks and the sustainability controversy

Conventionally, biofuels including biodiesel are classified based on
their feedstock and production technologies into four different genera-
tions. These generations include biofuels produced from, 1) edible oil
seeds, 2) non-food oil crops and wastes, 3) algae, and 4) the genetically
engineered oil crops. Indeed, the most important challenging and
limiting issue in biodiesel production is feedstock supply, accounting
for over 70–80% of the total biodiesel production cost [63,65]. Beside

cost, the availability of feedstock is also a serious concern which in turn
is heavily dependent on various factors such as the region geographical
condition where the fuel is produced and the nature of the available oil
resources. Currently, the first generation biodiesel accounts for more
than 95% of the world total production [66]. For instance, in countries
where abundant fertile lands and water resources are easily accessible,
first generation biodiesel e.g. soybean and sunflower biodiesels seems
to be economically sustainable [67]. This is, however, not agreed upon
within the global village framework as the GHG crisis (Fig. 14) and its
consequences are highlighted more than ever and many people are also
suffering from food shortages all around the world [60,68–70]. More
specifically, using food crops for biofuel production has also made a
contribution to the large on-going LUC. Consequently, reduced supply
of wheat and other essential food crops is increasingly expected in the
future [71]. In another word, the development of 1st generation
biofuels is also taking place at the expense of the shrinkage of the
land area dedicated food crops cultivation. Thus, many studies have
portrayed biofuels production as the main culprit for the crop price
hikes [71]. Therefore, the main driving force for the migration from
food-based biodiesel (first generation) to the next generations has been
the fuel vs. food/feed competition over crops, limited arable land, and
fresh water [70].

The second-generation biodiesel is derived from non-edible re-
sources or biomass. Such resources include either WCO, grease, and
animal fat, or non-edible energy crops. However, as could be clearly
comprehended, the latter feedstock must be distinguished from the
waste-oriented ones in terms of feedstock sustainability. In fact,
although the non-edible energy crops lead to no direct competition
over food crops but still could pose serious threats in terms of LUC and
water security criteria [73]. Moreover, it should be noted that in spite
of the fact that most non-edible energy crops are non-agricultural crops
but in order to achieve their maximum productivity/yield, performing
agricultural routines such as applying fertilizers, irrigation, harvest and
transfer are inevitable [74–76]. Performing such practices contribute
to GHG emissions and would consequently increase their carbon

4.7
3.4
3.4

3.1
2.9

2.1
1.2

1.1
0.8
0.8

0.7
0.7

0.6
0.3

0.1

0.0.51.1.52.2.53.3.54.4.55.

U.S.
Brazil
Germany
Indonesia
Argentina
France
Thailand
China
Spain
Poland
Belgium
Netherlands
Colombia
Canada
Australia

billion liters

Fig. 13. World's biggest biodiesel producers in the year 2014, by country (in billion L)
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footprints. LUC for energy crops cultivation could release 17–420
times more CO2 than the annual GHG reductions that the resultant
biofuels would achieve by displacing fossil fuels [63,73,77,78]. As an
example, biofuels from switch grass grown on the U.S. corn lands
increase emissions by 50% [77]. Such results have raised concerns
about widespread crop-originated biofuel utilization and have high-
lighted the value of using waste products (also known as advanced
second-generation biofuels in some literatures) [77–79].

Waste products, i.e., lignocellolusic feedstocks and non-edible
waste oil such as WCO and wastes from animal or vegetable residues,
are unavoidable consequence of edible oil consumption as an innate
portion of human dietary. Since a significant portion of the vegetable
oils, i.e., over 80% is used in food applications [80], the amount of
waste generated could be remarkable. Therefore, the application of
waste-oriented resources for biodiesel production not only imposes no
extra cost and environmental threat (carbon footprint), but also
triggers no competition whatsoever over food, land, and water.
Furthermore, biomass and waste resources are promising sources
because of their availability and diversity [81]. On such basis, it would
be more conclusive if the biofuels generations (including biodiesel)
would be revised from the feedstock sustainability point of view and
accordingly, five generations would be considered (Fig. 15).

In the categorization of biodiesel generations presented herein, the
4rd generation biodiesel is produced from microalgae while the 5th
generation included genetically-engineered crops and algae. It is worth
noting that in spite of the vast studies carried on biodiesel production
from microalgae [15,82–87], the cost of the biodiesel produced is still

much higher than that of diesel fuel [88]. In a critical review published
by Abomohra et.al, it has been emphasized that, algal fuels will only be
economically feasible for long term applications [89] and considerable
technological developments still need to be made. Therefore, from the
feedstock sustainability, economic viability, and environmental impacts
point of views, only the 3rd generation biodiesel, i.e., biodiesel
produced from waste oil feedstock could be effectively used to partially
replace petroleum diesel.

3.2. Biodiesel production in Iran: oil feedstock selection

Since controlling the unbridled non-renewable fuel consumption
and the consequent pollutants formation have turned into the main
targets of the Iranian Government, biofuel production and utilization
has been considered as a key solution [90]. On the other hand, given
the increasing rate of the country's population, bioenergy generation
from waste materials could be a sustainable strategy for waste manage-
ment in the country [17]. Nevertheless, studying the essentials of
biodiesel production in Iran, i.e., finding sustainable feedstocks and
required infrastructures, are still of critical importance in order to
ensure the sustainable development of this industry.

Oil crops as potential biodiesel feedstocks have been compared in
terms of oil yield, the land area currently under cultivation as well as
the land area required for meeting diesel fuel needs of Iran with B2, B5,
and B100. Moreover, the irrigation water requirements have also been
presented (Table 2).

At the current rate of diesel consumption in Iran, replacing all the

Fig. 15. New classification of biodiesel feedstocks based on the sustainability issue.
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annual transport diesel fuel consumed in Iran with biodiesel requires
over 41000 mL of biodiesel while 470 and 1170 mL of biodiesel would
be in demand to replace annual diesel consumption with B2 and B5,
respectively. In the year 2011, 490130 ha land was dedicated to oil
crops in Iran [93]. Among the cultivated crops and as shown in Table 2,
caster is ranked as the highest yielding oil crop for 1st generation
biodiesel production in Iran but it has the most water footprint too.
Even so, the caster cultivated land area required to replace the diesel
consumption throughout the country by B2 would be 331827 ha which
is about 70% of the current land dedicated to all edible oil seeds. This is
while the country is highly suffering from the lack of edible oils and
imports more than 90% of its oil requirement in the food sector [95].

Therefore, in addition to the infeasibility of achieving 1st genera-
tion biodiesel in Iran from the feedstock supply perspective, the
growing water scarcity in Iran as shown in Fig. 16 will ultimately
result in cease of vital agricultural activities to a large extent in the near
future. In fact, water is the most limiting factor in the agricultural
sector of Iran and higher than 90% of the renewable water in the
country is used in agriculture [76], while this amount (i.e., renewable
water harvesting) is only at about 30% for high-income countries and
70% for the world [96]. Despite the existence of abundant fertile soils
in Iran, it is not therefore reasonable to dedicate any water supply to
irrigate neither 1st generation energy crops nor the 2nd ones. On the
other hand and as mentioned earlier, the sustainable and economic
utilization of the 4th and 5th generation feedstocks does not seem
realistic in short- and mid-term runs due to prematurity of the
technologies available. As a conclusion, the only currently most-
available feedstock in Iran to partially replace diesel fuel consumption
would be waste-oriented animal and vegetable oils.

4. Waste oil biodiesel

4.1. Waste oil collection and recycling: a statistical approach

Given the above-presented discussion, the only available low-cost

feedstock in Iran would be animal and vegetable waste oils including
slaughterhouse wastages, tallow, WCO, chicken fat, and by-products
from fish oil. It is worth noting that in case of vegetable oil-importing
courtiers like Iran (Table 3), oil wastes recycling issue is further
highlighted in order to take the maximum advantage of the revenue
spent on edible oil imports (Table 4).

Waste oils could be collected from household and industrial sector
where any kind of waste lipid is produced and has to be disposed of.
WCO is collected from food manufacturers and industrial deep fryers
such as potato processing plants at snack food factories, fast-food
establishments, restaurants, catering industries and from all houses
where frying is used for food preparation. As an example, restaurants
and hotels in the U.S. alone produce more than 11 billion liters of WCO
each year, the majority of which is disposed of [102].

It is worth noting that an elaborated marketing network is vital to
avoid any future feedstock shortages such as the unpleasant experience
of the Mexican waste oil-fed biodiesel plants [103]. Therefore, a
complete database about waste oil and fat producers, their waste
quality and quantity, and their future production plans must be
complied and even guaranteed long-term contracts for waste sales
should be signed. Based on a field report released by the United Nation
Development Program (UNDP), over 60% of waste oils produced in
Iran are collectable and could be recycled for waste-oriented biodiesel
production [104]. In the year 2009, the estimated collectable WCO
generated in the country stood at about 435000 t [105]. This huge
amount of waste oils will continue to further increase with a growing
rate proportional to the population growth rate. Chen et al. proposed a
model to simulate waste production rate in china [106]. Their model
was modified herein in order to predict the collectable waste oil/fats
(WOF) produced annually:

WOF P U W= ×(1 + /100)×t t t t

where WOFt is the WOF generated in year t, Pt is the population in year
t, Ut is the urbanization rate (2.07% considered for Iran during 2010–
2015) [107], and Wt is per capita waste oil production. By assuming

Table 2
Comparison of some biodiesel feedstocks including edible and non-edible sources as well as land area and irrigation water needed to produce sufficient amount of oil for replacing
country's diesel fuel with B100, B2 and B5 [91–94].

feedstock Average oil yielda

(L/ha)
Global average water
footprint (m3/ton oil)

Land dedicated in Iran in
2011 (ha)

Land area needed (ha) Irrigation water requirement
(million m3)

B100b B2c B5d B100b B2c B5d

Corn 172 2575 264864 237704906 2725938 6814845 2777 1111 96857
Cotton seed 325 3957 2000 125800751 1442650 3606625 4267 1707 148840
Soybean 446 4190 46 91670951 1051258 2628145 4518 1807 157604
Linseed 478 9415 73398 85533983 980881 2452203 10152 4061 354140
Mustard 572 5600 N/A 71477699 819687 2049218 6039 2415 210641
Sesame 696 21793 N/A 58743166 673651 1684128 23501 9400 819731
Safflower 779 16046 N/A 52484267 601875 1504688 17304 6921 603561
Sunflower 952 6792 N/A 42946685 492501 1231253 7324 2930 255477
Groundnuts 1059 7529 0 N/C N/C N/C N/C N/C N/C
Rapeseed 1190 4301 N/A 34357348 394001 985002 4638 1855 161779
Olives 1212 14578 N/A 33733700 386849 967122 15721 6288 548343
Castor 1413 24740 93106 28935063 331819 829547 26679 10672 930581
Jatropha 1892 870 N/A 21609537 247812 619530 938 375 32724
Coconutse 2689 4490 0 15204628 174362 435905 4842 1937 168889
Oil palme 5950 5186 0 N/C N/C N/C N/C N/C N/C
WCO No need to land No footprint 0 0 0 0 0 0 0
Microalgaef 136,900 0 0h 298650 3424 8560 0 0 0
Microalgaeg 58,700 0 0h 696512 7987 19967 0 0 0

a Conservative estimates – average yields.
b To replace the entire diesel consumed in Iran (B100).
c To replace the entire diesel consumed in the transportation sector by B2.
d To replace the entire diesel consumed in the transportation sector by B5.
e Not compatible with the country's climate.
f 70% oil (by wt) in biomass.
g 30% oil (by wt) in biomass.
h Marginal lands or sea plants could replace land area needed.
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6 kg per capita WOF generation according to the year 2009 database
[105], the total amount of WOF generated in the year 2016 could be
estimated at about 483000 t.

If recycling process is not performed appropriately, oil wastes often

lead to clogged drains, backups, and rancid odors while also imposing
extra cost on wastewater treatment facilities by entering into sewerage
systems [108]. Recycling of this abundant amount of oil wastes is also
crucial from the environmental perspective in order to prevent soil and
water resources contamination [63]. Fig. 17 presents the statistics on
waste oil resources and their contribution in Iran in 2009 [105].

It is worth noting that currently restaurant grease and animal fats
are mostly devoted to several industrial uses, some causing environ-
mental and health concerns. Such applications include production of
cosmetics (e.g. shampoo and soap) as well as animal feed production.
The former could potentially result in allergy, dermal diseases, and
non-compensable injuries [104], while the latter could be a potential
cause of human health problems.

Fig. 16. Per capita renewable water sources accessibility (m3/person/year).

Table 3
Vegetable oil production and import projections of a number of vegetable-oil importing
countries [97,98].

Country Vegetable oil
production (kt)

Vegetable oil import
(kt)

2012 2022 2012 2022

Developed countries
United States 11740 13206 3613 3076
European Union 14197 17164 8209 10315
Russian Federation 3543 4160 944 1118
Australia 457 617 381 416
New Zealand 5 5 107 108
Japan 1441 1166 730 940
South Africa 398 762 786 592
Developing countries
Africa
Algeria 83 102 560 691
Egypt 433 510 1745 2174
Latin America and

Caribbean
Chile 71 95 309 374
Mexico 1643 1772 750 927
Uruguay 83 192 80 51
ASIA and PACIFIC
Bangladesh 218 221 1436 2120
Chinaa 21320 25733 9101 11418
India 7258 8694 9688 14665
Iran 302 372 1460 1742
Korea 250 256 850 953
Pakistan 1321 1651 2296 2943
Saudi Arabia 11 2 386 581
Turkey 1241 1320 1168 1391
Least developed

countries (LDC)b
2740 3939 4923 6599

a Refers to main land only. Not including the economies of Chinese Taipei, Hong Kong
(China) and Macau (China).

b LDC Countries list available at http://www.un.org/en/development/desa/policy/
cdp/ldc/ldc_list.pdf.

Table 4
Edible oil production, import, and consumption as well as waste-oil generation in Iran
[98–101].

Factor Unit Quantity Value (million
USD)

Per capita oil and fat consumption kg 21 1.7(USD)
Total oil and fat consumption Ton 1739000 2956
Oil crop Production in the country Ton 570000 400
Imported vegetable oil (raw and

processed)a
Ton 1593600 1775

Total waste oil Productionb Ton 483000 251c

Biodiesel produced if 60% of annual
waste oil is collected and converted to
biodieseld

ML 270 175.5e,f

a Data belonged to 2013.
b Average WCO price in Iran=0.52 USD/kg (data gathered from waste oil suppliers for

soap plants).
c The wasted revenue if waste oil is disposed of.
d Assuming 90% conversion rate of waste oil to biodiesel.
e Revenue obtained from WCO-biodiesel exports (0.65 USD/Lit; minimum biodiesel

price proposed to be set by the government as fixed purchase price based on the WO-BUS
program in Iran).

f 282.5 million USD if all the 483000 produced waste oil could be converted to
biodiesel (assuming 90% conversion of the waste oil).
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4.2. Waste oil biodiesel refining: statistics and production challenges

Some of the major companies that use waste oils as feedstock in the
world to produce biodiesel are listed in Table 5.

Various processes used for synthesizing biodiesel in particular the
most popular one, i.e., transesterification process, have been exten-
sively reviewed during the last few years [112–117]. Transesterification
takes place between a vegetable oil and an alcohol (methanol or
ethanol), in the presence of a homogeneous or heterogeneous catalyst.
This alkaline-, acidic, or enzymatic-catalyzed reaction produces fatty
acid methyl esters (FAME) and glycerol as main product and co-
product, respectively [113]. As the enzyme (lipase)-catalyzed reaction
is restricted by its rigorous reaction conditions and enzyme activity
loss, it cannot therefore be used in large-scale commercial biodiesel
production up to date [116]. Tables 6 and 7 provide comparative data
on the advantages and drawbacks of homogeneous vs. heterogeneous

as well as alkaline vs. acid-catalyzed reactions for biodiesel production
from waste oils.

Waste oils, particularly WCO, must be filtered to eliminate solid
particles, water, and free fatty acids (FFA) prior to its conversion into
biodiesel [118]. In fact, the quantities of FFAs and water are key
parameters for determining the viability of the vegetable oil transes-
terification process. These make biodiesel production from WCO
difficult to achieve and have pushed researchers to explore different
methods for obtaining optimum production conditions.

Although homogeneous alkaline catalysts lead to high biodiesel
yields even at relatively low temperature and pressure, but in case of
waste oil feedstocks serious challenges are faced including saponifica-
tion and consequent low ester yield caused by high levels of FFA and
water. To carry the base-catalyzed reaction to completion, the optimum
FFA levels for feedstocks are < 1 wt% and water < 0.5 wt%, while the
level of FFAs in waste oil is typically on the order of 10–15% for yellow
waste vegetable oil and over 15% for brown waste vegetable oil
[122,123]. Therefore, direct alkaline-catalyzed transesterification reac-
tion using conventional processes would be undesirable and different
pretreatment methods including steam distillation, extraction by
alcohol, and acid-catalytic esterification are required to avoid saponi-
fication and yield loss in the reaction vessel [120,121,124]. In the case
of the acid-esterification reaction, heterogeneous catalysts do not show
the corrosive behaviors observed in the presence of homogenous ones
and therefore, less costly process instrumentations are required [118].
Ruhul et.al claimed that zirconium dioxide (ZrO2) and their com-
pounds can be used as an effective high yielding acid heterogeneous
catalyst [118].

Overall, it is worth quoting that most of the biodiesel plants
currently in operation are running using homogeneous alkali catalysts,
i.e., sodium or potassium hydroxides, carbonates or alkoxides since the
application of these catalysts are comparatively cost-effective over the
currently-available heterogeneous catalysts [116].

Beside the efforts put into introducing cheap raw materials and
more efficient catalysts for commercialization of biodiesel production,
numerous investigations have also been focused on process intensifica-
tion through the implementation of new technologies [121,125]. Such
technological improvements in process design have strived to address
the technical difficulties associated with the conventional alkali-trans-
esterification reaction such as immiscibility of triglycerides and alco-
hols and reaction reversibility problems. These are supposed to be able
to enhance reaction rate, reduce molar ratio of alcohol to oil, and
energy input by intensification of mass and heat transfer [126].
Moreover, some technological improvements and novel methods have
been introduced and applied to facilitate the post-treatment severities
of biodiesel production like glycerin separation, alcohol and catalyst
recovering, and water removal from the final product [126–129]. Some
of these successfully commercialized technologies are tabulated in
Table 8.

4.3. Waste oil biodiesel properties: standards and characterization

The quality of biodiesel is attributed to many factors such as
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Fig. 17. Waste oil resources and their contribution (ton) in Iran in 2009 [105].

Table 5
Some of the factories use waste oils as feedstock to produce biodiesel [109–111].

Technology Location Feedstock Capacity
(ML/Y)

Fuel Bio One LLC USA Animal Fats/Yellow
Grease

189

High Plains Bioenergy LLC USA Animal Fats 114
SeQuential Pacific

Biodiesel LLC
USA WCO 64

Viesel Fuel LLC USA Waste Vegetable Oil 60
Performance Biodiesel USA Animal Fats 57
Delek Renewables LLC USA Animal fat 45
BlackGold Biofuels USA Trap Grease/

Wastewater Sludge
1

Rothsay Biodiesel LLC Canada Animal Fats/Yellow
Grease

45

Australian Renewable
Fuels (ARF)

Australia WCO, tallow 44.5

Next Generation Biomass
to Liquid Diesel
(NExBTL)

Singapore residual animal fat/
palm oil

935

Table 6
Comparison of homogeneous- and heterogeneous-catalyzed transesterification reaction [116,118,119].

Factors Homogeneous catalysis Heterogeneous catalysis

Reaction rate Fast and high conversion Moderate conversion
Post-treatment Catalyst cannot be recovered, must be neutralized leading to waste

chemical production
Catalyst can be recovered

Processing methodology Mild reaction condition and less energy consumption Continuous fix-bed operation possible
Presence of water and FFA Sensitive/Not suitable Not sensitive/Suitable (water tolerance)
Catalyst reuse Not possible Possible
Cost Comparatively cost-effective than the currently-available

heterogeneously catalyzed transesterification
Potentially cheaper, provides the high conversion efficiency, and
becomes technologically available
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feedstock characteristics and quality, e.g., fatty acid composition of the
parent oil or fat, production process and post-treatment parameters, as
well as handling and storage conditions. For the inclusion of physico-
chemical properties of a given biodiesel into the requirements of a
standard, different characterization methods must be performed
(Table 9). Table 10 lists average values for biodiesel properties
produced from four main groups of waste-oriented fuels gathered from
a comprehensive literature survey. The average fatty acid compositions
of these four groups are also comparably illustrated in Fig. 18 as the
main parameter affecting resultant biodiesel properties.

The composition of waste oils used for biodiesel production may
vary based on their generation source. For example, frying oils are
often produced from different oil crops, consequently having different
molecular structures. Moreover, these oils contain water, FFA and
other undesired impurities generated by the thermolytic, oxidative, and
hydrolytic reactions occurred during heating process [164]. Animal fats
mainly obtained from slaughterhouses are composed of higher satu-
rated fatty acids with different physical properties. Generally, waste oil
biodiesel plants obtain their feedstock from different sources including
animal fats and vegetable oils, resulting in a wide range of FAME
composition fed to the process units. Therefore, different pretreatment
techniques must be employed to improve the feed quality to a level
required by transesterification process equipment. As a conclusion, it is
crucial to determine feedstocks quality using various standard methods
or reliable modeling techniques for obtaining some important para-
meters.

4.4. Waste oil biodiesel utilization in Iran

4.4.1. Economic feasibility analysis of WCO-biodiesel production
Generally, the first step in feasibility analysis of the utilization of an

alternative product is to analyze the most important factor affecting its
acceptance, i.e., the cost. In countries such as Iran where fuel prices are
very low, the main reason to move towards using expensive renewable
fuels is the environmental mandates. Among all the renewable liquid
fuels compatible with the country's current transportation fleet, WCO-
biodiesel is the most affordable one because of the low feedstock price.
Waste oils could be obtained at about half of the price of virgin oils in
Iran which in turn significantly reduces the finished price of biodiesel.
In order to maintain an optimum capacity for a biodiesel plant, an
economic modeling is needed to be performed based on the investment
model chosen by an investor.

Herein, a medium-sized plant with a biodiesel production capacity
of about 90 t/day was assumed based on the modeling study carried
out by Haas et al. [180] to ensure the sufficiency of the plant capacity
for guaranteeing its profitability. Capital and operating costs for the
same plant working under Iran's conditions are provided in Tables 11
and 12 using the national market data. The life time of the plant was
assumed to be 10 years and was operated three shifts per day. Plant
location was also explored in order to find the optimum distance from
the waste oil collection centers as well as the distribution points. An
average of 90 km transport distance from the feedstock collection
centers in Tehran and Karaj (two major highly populated cities of Iran
with a lot of slaughterhouses and large industries producing waste oils
and lipids) to the plant was considered [181]. The land price and

Table 7
Comparison of acid-catalyzed and alkali-catalyzed transesterification process of waste oil to biodiesel [116,118–121].

Transesterification process Advantages Drawbacks

Acid-catalyzed reaction – Feasible in the presence of high levels of FFA and
water

– No need for esterification pretreatment
– Fewer main processing units
– Less toxic effect
– Fewer environmental problems

– Slow reaction
– Higher temperature, pressure, and alcohol/oil ratio
– Corrosion of equipment and environment contamination
– Need to costly equipment with stainless steel material
– Higher amount of methanol resulting in larger equipment volumes

Alkali-catalyzed reaction – Lower temperature, pressure, and alcohol/oil
ratio

– Significantly higher reaction rate
– Smaller equipment
– Good corrosion resistance properties
– Fewer stainless steel equipment
– Low cost of catalyst

– Requiring pretreatment process
– Without pretreating, low ester yield and by-product production occurs because of

high levels of FFA and water
– Occurrence of saponification

Table 8
Some of the successful process intensification technologies used in WO transesterification to biodiesel.

Technology Application Refs.

Low frequency ultrasonic irradiation Emulsification of immiscible oil and alcohol to enhance mixing efficiency [130–134]
Microwave irradiation Heating reactants to the required temperature quickly, uniformly, and efficiently [135–139]
Static mixer Providing rigorous radial mixing by motionless geometric elements enclosed within a pipe or a column and thus bearing

the advantages of low maintenance and operating costs as well as low space requirements
[140–142]

Micro-channel reactors/ capillary micro-
reactors

Accelerating reaction rates by improving the efficiency of heat and mass transfer and utilizing high surface area/volume
ratio and short diffusion distance

[143–146]

Oscillatory flow reactors Intensifying radial mixing and heat and mass transfer as well as maintaining plug flow condition and achieving long
residence time, lower capital and pumping cost, and easier control.

[147]

Rotating/spinning tube reactors Producing a very large interfacial contact area, lowering reaction time, and mixing power input required [148]
Cavitational reactors Using acoustic energy or flow energy to generate cavitation in which the violent collapse of the cavities releases large

magnitude of energy over a small location, and brings about very high temperatures and pressures and also intensifies
the mass transfer rate by generation of local turbulence and liquid micro-circulation in the reactor

[149–151]

Supercritical process Catalyst elimination, shorter reaction time, and easier purification [152–154]
Membrane reactors Increasing the conversion of equilibrium-limited reaction by removing some products from the reactants stream via the

membrane.
[155–157]

Reactive distillation Providing continuous in situ product removal for equilibrium-controlled reactions. Integration of reaction and
separation reduces capital investment and operating costs.

[158–161]

Centrifugal contactors Integrating reaction and centrifugal separation into one unit. [162,163]
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availability was also taken into account in the analysis. In order to
benefit from tax exemption and free waste-water disposal system, the
plant location was selected in a neighboring tax-free industrial park.
Moreover, in order to minimize water consumption (as the country is
suffering from water scarcity), biodiesel wash-water microfiltration-
based recycling strategy (30% wash-water and 70% fresh water)
proposed by Jaber et al. [182] was assumed in the cost analysis model.

The process chosen for the biodiesel units included an esterification
process to remove excess FFA using 1% w/w acidic catalyst (H2SO4)
followed by a conventional transesterification process by means of an

Table 9
ASTM D 6751 and EN 14214 specifications for biodiesel [165–167].

Properties ASTM D 6751 EN 14214

Limit Method Limit Method

Density at 15 °C 870–890 kg/m3 ASTM D4052-91 860–900 kg/m3 EN ISO 3675, EN ISO 12185
Flash point 130 °C minimum ASTM D93 > 101 °C (minimum) EN ISO 3679
Viscosity @40 °C 1.9–6.0 mm2/s ASTM D445 3.5–5.0 mm2/s EN ISO 3140
Sulfated ash 0.020% m/m maximum ASTM D874 0.02% m/m (maximum) EN ISO 3987
Cloud point Report to customer ASTM D2500 Based on national specification EN ISO 23015
Copper strip corrosion Class 3 maximum ASTM D130 Class 1 rating EN ISO 2160
Cetane number 47 (minimum) ASTM D613 51 (minimum) EN ISO 5165
Water content and sediment 0.050 (%v) maximum ASTM D2709 500 mg/kg (maximum) EN ISO 12937
Acid number 0.50 mg KOH/g maximum ASTM D664 0.50 mg KOH/g (maximum) EN 14104
Free glycerin 0.02% (m/m) maximum ASTM D6584 0.02% (m/m) (maximum) EN 1405/14016
Total glycerol 0.24% (m/m) maximum ASTM D6548 0.25% (m/m) EN 14105
Methanol content 0.20% (m/m) maximum EN 14110 0.20% (m/m) (maximum) EN 14110
Phosphorus 10 mg/kg maximum ASTM D4951 10.0 mg/kg (maximum) EN 14107
Distillation temperature 360 °C ASTM D1160 – –

Sodium and Potassium 5.00 ppm maximum EN 14538 5.00 mg/kg (maximum) EN 14108, EN 14109
Oxidation stability 3 h minimum EN ISO 14112 6 h (minimum) EN ISO 14112
Carbon Residue 0.05 maximum wt% ASTM D 4530 0.30% (m/m) (maximum) EN OSO 10370
Calcium and Magnesium 5 ppm maximum EN 14538 5 ppm (maximum) EN 14538
Iodine number – – 120 g/100 g (maximum) EN 14111

Table 10
Different waste-oil biodiesel properties [119,168–179].

Property WCO Waste fish oil Waste poultry fat Tallow (lard, mutton, beef, etc) Petrodiesel

Density at 40 °C (kg/m3) 0.87 0.86 0.87 0.86 0.82
Viscosity at 40 °C (mm2/s) 4.7 5 4.5 6.4 3
Cetane number 50 51 61 59 51 (Euro 3,4,5)
Heating value (MJ/kg) 40 41.5 40 40 LHV=43, HHV=47
Acid value (mg KOH/g) 2 1.2 0.3 0.6 –

Sulfur content (ppm) Various – – 0.2 350 (Euro 3)
50 (Euro 4)
10 (Euro 5)

Cloud Point (°C) 20 −5 −6 −4 −5
Pour point (°C) 16 4 −6 −5 –

Flash point (°C) 85 – – – 50
Short chain saturated fatty acids (C:14-C:18) (%) 20–45 15–30 20–35 40–60 –

Short chain unsaturated fatty acids (C:14-C:18) (%) 40–80 30–60 65–80 35–65 –

Long chain saturated fatty acids (≥C:20) (%) 0–1 0–7 0–2 0–1 –

Long chain unsaturated fatty acids (≥C:20) (%) 0–1 25–40 0 to −2 0–0.5 –

Fig. 18. Average fatty acid composition of the four groups of waste-oil feedstocks used
for biodiesel production.

Table 11
Capital costs for the construction of a 90 t/d WCO-biodiesel plant.

Factor Cost (Thousand USD)

Equipment
Process equipmenta 2599
Utility equipment 403
Storage facilitiesb 1047
Total equipment cost 4049

Civil and constructionc

Land acquisition 55
Building and structure 161
Total civil cost 216

Installationd 8098
Shipment and loadingc 7
Total capital cost 12370

a Equipment required for transesterification of waste oil feed plus 20% over estimation
because of filtration of waste oil, FFA removal, and waste water recycle.

b 25-day capacity of feedstock and product.
c Data gathered from market.
d 200% of equipment costs including engineering design cost, construction labor,

piping, electrical and control instruments and their programing and other expenses.
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alkali catalyst (KOH) at 60 °C. The equipment cost were considered for
the main process including transesterification, biodiesel purification,
and glycerol recovery.

As reported in Table 13, the obtained price for WCO-biodiesel, i.e.,
0.611 USD/L is somewhat lower than the global average price of
petrodiesel (0.86 USD/L) [38]. This means that, in addition to the
benefits counted for WCO-biodiesel production in Iran, it can be also
exported to diesel-importing countries especially those having good
trading relations with Iran such as Turkey, China, etc. The financial
model presented herein showed that waste oils and fats utilized as
feedstocks accounted for 85% of the total costs spent for biodiesel
production from these feedstocks. If the produced biodiesel is to be
utilized for domestic consumption in Iran, by taking into account the
governmental strategies to completely remove energy subsidies in the
near future (which will consequently lead to increased diesel price),
Iran is not far from experiencing biodiesel introduction into its
transportation fleet. This will be more decisive when environmental
mandates come to action by the international forces.

4.4.2. Comparison of international experiences
Much effort has been put into the development of biodiesel in Iran

since early 2000s. However, these activities have failed or rebuffed as a
result of cheap supply of fossil-based energy carriers in the country. In
fact, the trend has been mostly limited to research activities at
laboratory scale, development of production process technologies,
and standardization. But recently, as elaborated earlier owing to the
subsidies-removal plan, biodiesel production and utilization particu-
larly from waste feedstocks have gained a renewed interest. In line with
that, several pioneering Iranian research institutions have been focused
on research/extension and commercialization of waste-oriented bio-
diesel. Those include Biofuel Research Team (BRTeam), Iranian
Biofuel Society (IBS), renewable energy center of Tarbiat-Modarres
University, and Research Institute of Petroleum Industry (RIPI) as well
as a number of private companies. In order for these efforts to be
materialized, a national-wide implementation program including pro-
motion and public awareness, binding rules and regulations, and
supporting policies for collection, transformation and commercializa-
tion of biofuels including biodiesel should be put in place and
mandated.

In order to frame a comprehensive enforceable scenario for Iran
that encompasses all the necessary infrastructures for sustainable
utilization of waste oil biodiesel, some of the successful biodiesel
development programs conducted by leading biodiesel producing
countries have been scrutinized in Table 14. Some of these countries
have appropriate climate enabling them to benefit 1st and 2nd
generation feedstocks to the extent that they can export vast amounts
of crop-oriented oil. It is while others import vegetable oil to meet the
biofuel-related obligations set by their governments or use sustainably
and domestically supplied waste oil feedstocks.

By abstracting political and social similarities of the programs
executed in biofuel pioneering countries and in the context of
economical, political, and cultural infrastructures of Iran, a reliable
localized scenario for the country is proposed herein. More specifically,
based on the fact that waste oil biodiesel is currently the only reason-
able feedstock in Iran, the most compatible frameworks to the Iran's
situation would be the Renewable Transport Fuel Obligation (RTFO)
and NRDDI enacted previously in the UK and Canada, respectively.
These programs were successful illustrations of taking full advantages
of WCO generated in the UK and Canada through the implementation
of well-managed collection systems [191–193]. Moreover, incentives
and penalties used by the Brazilian government are largely applicable
for Iran because of the structural similarities of the two countries.
Fig. 19 describes the targets and strategies through which the waste oil
biodiesel utilization was achieved in UK.

4.4.3. Proposed national program of “waste oil biodiesel utilization
scenario” (WO-BUS)

The first step to benefit the advantages of utilization of waste oil
biodiesel in Iran is to establish a systematic managed program on the
collection of waste oil and fats. Hereof, there must be a public
awareness about the benefits of recycling waste oils and using vehicles
powered by biodiesel while striving to facilitate the collection and
delivery of such wastes. Therefore, convenient disposal systems must
be designed that do not impose significant financial burdens, etc.
Fig. 20 describes essential steps to establishment of an integrated waste
oil collection strategy for Iran.

As the collected oils have different origins with different qualities,
depending on the type of restaurant or manufacture and the time of
year, a system for classifying the oils would also be required, which
should be based on the measurement of objective parameters [194].

For the utilization of renewable energy and specifically biofuels
nationwide, state mandates have already come into place in Iran's 6th
national development plan (6th NDP; 2016–2020). Based on the
outcomes of the present investigation, to meet the target set forth for
diesel fuel, i.e., replacement of country's diesel with B2, WO-BUS
program seems to be most promising (Fig. 21).

Table 12
Operating costs, taxes, and revenues from byproduct sales for a 90 t/day WCO-biodiesel
plant.

Factor Consumption/d Costa (USD/
Unit)

Raw Materials and utility
WCOb,c 100000 kg 0.52/kg
Waterd 121 m3 0.18/m3

Alcohol (methanol) 18198 kg 0.2/kg
Transesterification alkali catalyst

(KOH)
115 kg 1.37/kg

Esterification acid catalyst
(H2SO4)

1034 L 0.27/L

Diesel fuel for transportatione 86 L 0.1/L
Electricity 5227 kW h 0.018/kW h
Glycerol (byproduct)f 13028 kg − 0.24/kg
Additional operating costs
Laborg 6 Person/d (in 3 shift) 28/person
Supervision and general

administrative costs
138/d

Maintenance supplies (1% of capital cost
annually)

339/day

Total Operating cost 53719 USD 0.519/L
biodieselh

a All given prices are based on Iran market data – 2016 October.
b Assuming 90% conversion efficiency for transesterification process.
c 50% of fresh vegetable oil price.
d Assuming 30% waste-water recycle.
e Subsidized price.
f The revenue from crude glycerol (80% solution) sales as byproduct were subtracted

from the total operating cost.
g Including basal labor payment and other expenses based on Iran's ministry of labor

laws.
h Biodiesel density=0.87 gr/cm3.

Table 13
Constituent parameters included in calculating the finished price of 1 L of WCO-
biodiesel.

Parameter USD/L biodiesel

Capital costa

ROIb effect 0.082
Equipment depreciation effect 0.01

Operating cost 0.519
Biodiesel price 0.611

a Assuming 4 years for ROI calculations and 10 years for equipment depreciation.
b Return on investment.
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Fig. 19. Waste oil biodiesel utilization supporting strategies in the UK.

Fig. 20. Integrated waste oil collection strategy for Iran.

M. Hajjari et al. Renewable and Sustainable Energy Reviews 72 (2017) 445–464

459



5. Conclusions

Waste-oriented oil/fats are the most appropriate feedstocks for
biodiesel production in terms of feedstock availability and cost, energy
balance, GHG footprint, LUC, and more importantly sustainability.
According to the findings of this study, among all the feedstocks being
used for biodiesel production, waste oil and fats are the most feasible
feedstocks which could be introduced to the biodiesel production
industry in Iran within the shortest possible timeframe. In fact, owing
to their specific feedstock characterization, cost, sources, and impacts,
waste-oil biodiesel could be regarded as a separate generation of
biofuels (third generation in the new biofuel categorization presented
earlier (Fig. 15). Through the establishment of a systematic govern-
mentally-managed waste oil collection service in Iran, about 300000 t
waste oil can be collected, yielding 270 ML waste-oriented biodiesel,
i.e., about 60% of the B2 fuel needed to replace all the diesel demands
in the country. This waste oil can be collected by means of private
agents or biodiesel plants working under direct supervision of munici-
palities.

Further to the feedstock availability and environmental perspec-
tives discussed in the present paper, an economic feasibility analysis
was also performed by considering the investment and operating costs
as well as byproduct sales revenues. Accordingly, a reasonable price of
0.611 USD/L was obtained for WCO-biodiesel production in Iran
which was somewhat lower than the average global petrodiesel price.
Therefore, the produced biodiesel can be exported to the countries
where mandatory laws already exist for using renewable fuels in their
transportation system or to the countries with high petrodiesel price.
For instance, Turkey can be one of the best markets for biodiesel
produced in Iran because of having a diesel dependent transportation

fleet, governmental mandate of using 3% waste-oriented biodiesel in
diesel fuel since 2016, high diesel price of 1.37USD/L, and short
distance from Iran [195].

In order to meet the targets discussed in the current study, some of
the successful strategies adopted by different countries were also
scrutinized and a promising scenario was taken and localized by
mimicking both the U.K. and Brazil biofuel utilization programs in
order to model the biodiesel utilization program in Iran. The proposed
model called "WO-BUS" can also be adopted and localized by the other
countries having conditions and preferences listed below:

– Countries in which edible oils and fried food consist of a large
portion of population dominant diet.

– Countries facing water and agricultural land shortage, limiting their
ability to expand their oil-seed cultivation capacity to secure their
elementary food needs.

– The net edible oil importing countries as well as the oil-rich
countries having no priority to cultivate energy crops.

– Countries having environmental obligations to utilize renewable
energy as well as low GHG life cycle fuels.
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- Setting the national biodiesel standard.
- Determining sustainable feedstock for the 

country.
- Expanding research and development 

programs.
- Embedding “renewable fuels” using 

obligation into the 6th NDP.
- Biodiesel production by portable small-

scale commercial biodiesel processors 
designed by research organizations.

- B2 utilization in the transportation sector 
(at least 270 ML biodiesel, i.e. based on 
the possible collectable WOF).

- Establishment of biodiesel plants to 
cover the approved biodiesel production.

- Acting the programmed waste oil 
collection through the standard waste 
collection systems.

- B5 utilization in the transportation sector 
(1170 ML biodiesel).

- Establishment of high quality-biodiesel 
plants to meet the set level.

- Expanding research and development 
attempts in order to produce and utilize the 
next generations of biodiesel.
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Requiring the NIORDC to guaranteed purchase of biodiesel 
from the producing companies at a fixed price of at least

0.65 USD/L.

Tax exemption incentives for food processing
companies/fast foods/restaurants if they sell their waste to 

biodiesel plants.

Requiring diesel pump stations to offer B2/B5 fuel or pay 
2% of the diesel price per L as penalty.

Guaranteed purchase of biodiesel byproducts from the 
producing companies.

Discounting in annual tax for cars, trucks, and other diesel 
vehicles.

Providing volunteer houses with 5 L containers to collect 
their waste cooking oils and offering 1 L cooking oil 

instead.

100 Rials per L fuel duty differential for B2

Requiring the NIORDC to guaranteed purchase of biodiesel 
from the producing companies at a fixed price considering 

the annual inflation rate.

Dedicating facilities to the interested investors or refineries offering biodiesel in 2 ways:
1- Providing low-interest bank loans and facilities for investors

2- Their investment on B2/B5 production could be assumed as their environmental investment.

Fig. 21. Proposed national program for Iran called “waste oil biodiesel utilization scenario” (WO-BUS).
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