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Abstract: Biofuels production is expected to be an intrinsic confluence to the renewable energy sector
in the coming years under the European regulations for renewable energy. Key standpoints of the
biofuels promotions are the reduction of national carbon emissions and rural deployment. Despite
jubilant outlook of biofuels for sustainable development, research efforts still tend to link the biofuel
industry and regional growth. The aim of this study is to explore and review the biofuels industry
through a socio-political, techno-economic, legal and environmental (PESTLE) analysis approach,
and discuss the interrelation between technological facets and sustainable deployment.
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1. Introduction

The drive to switch to an alternative transportation fuel is to reduce the dependency on oil and
decrease the pressure on the environment [1–8]. The targets set in the RED by the European Commission
are to support the development of biofuels [9–14]. Most of the legislations that are developed to
achieve these targets are based on life-cycle assessments which often only account for greenhouse
gas emissions (GHG) [15–17]. Several other limitations regarding the sustainability of the production,
including the competition of feedstock cultivation with the food industry, create difficulties to achieve
the short-term production goals of biofuels set by the European Commission [18–23]. This results
in the need to develop standard production practices as well as licensing and certification of biofuel
manufacture, so that all relevant environmental and social impacts can be regarded [24–27]. To create
such production standards, the governing organizations, which are the European Commission and the
governments in Europe, need to understand the production processes and its impact on sustainability.
Even when policies directed towards a more sustainable production are in place, the production
companies need to understand how to adhere to the legislation. They will need to increase their
research and development into the energy production processes [28–31].

The biofuel industry is still developing, as the consumption of all biofuels in the European Union
(EU) increased with 8% from 2016 to 2017 [32]. In the EU, the renewable energy directive (RED) is created
as a policy to support the production and development of these renewable energies [13]. Especially for
the transportation sector, the objective for all the EU countries is to have 10% renewable energies in
2020 [33]. Biofuels are considered as the key product to achieve this target and further criteria regarding
their sustainability are developed [34]. Several literature sources stress the importance of understanding
the role of biofuels in the possible reductions in life-cycle greenhouse gas (GHG) emissions that can be
achieved with respect to fossil fuels to inform policy development and the decisions regarding the
best fuel types [35]. This research will take this broader by analyzing the sustainability factors which
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influence the biofuel industry, and relates this to the biofuel characteristics, including the type of fuel,
feedstock, and conversion process. In addition to the support for policy development, the research and
discussion of the biofuel characteristics have the intent to provide a foundation for the directives that
companies are going to take to adhere to the policies. Sustainability assessment of biofuels production
from biomass and biowaste is an important prerequisite for informed and sound decision-making.
However, life-cycle analysis (LCA) is still constrained by the difficulty of pointing out the most relevant
impact factors. To underwrite the mighty risks confronted by the industrial efforts are pointed out
in order to bestow the optimal use of energy and resources. Identification of key stakeholders and
deployment of the political, economic, social, technological, legal, and environmental aspects from
the updated literature, reports, and guidelines are intrinsic to achieve a thorough understanding of
the complex landscape of biofuel industry. The contribution of the biofuel industry to sustainable
development is key in the growing biofuel industry that is driven by the renewable energy targets
of the European Union. Both policymakers and production companies require an understanding of
the relation between biofuel production characteristics and the sustainability of the industry to be
able to support sustainable development [36–44]. The objective of this report is to (1) summarise the
key interdependencies in the biofuel industry based on PESTLE analysis and (2) create a review in
which the key biofuel production characteristics are correlated with the sustainability factors that
are affected by the biofuel industry. Hereafter, the different aspects influencing the sustainability
of bioethanol, biodiesel, and biomethane industry are determined and these are allocated to the
economic, environmental, socioecological, and geopolitical facets [45–55]. Finally, both quantitative
and qualitative data are assessed to correlate both aspects and determine the strengths and weaknesses
of the different biofuel characteristics. The analysis of the production processes shows that the key
factors to be considered are both the choice of feedstock and the conversion technology that is applied.
A key distinction in the feedstock is the cultivation of crops dedicated to biofuel production or using
wastes and residues from other sectors as feedstock. Regarding the conversion processes, all three
biofuels can be produced via a biochemical or the thermochemical pathway [56–58]. Both feedstock
and production process influence the economic sustainability, showing that crop-based biofuels have
a high feedstock cost and low capital cost, compared to the relatively low cost for feedstock and high
capital cost for the biofuels from lignocellulosic biomass, wastes, and residues [59–76]. Moreover,
the latter are also significantly more environmental and socioecological sustainable compared to the
crop feedstock that imposes the impacts of land use and land-use change. Geopolitically, the EU
supports the EU biofuel producers by protecting the market from lower prices introduced by imported
biofuels. The political support for the more extensive development that is required for the biofuels
from lignocellulosic biomass, wastes, and residues is starting to increase, but significant differences
are detected among EU countries due to a lack of budget and existing infrastructure. Finally, a small
discussion about the future of the biofuel industry is provided, considering the future use of fossil fuel
and the development of other renewable alternatives such as hydrogen fuel and electric vehicles [77–79].

It is important to stress that this research will not be directed towards one answer, but rather assesses
collected knowledge to provide an overview of the interrelations between the production industry and
the sustainability and highlight the apparent distinctions and characteristics. This research correlates
the different biofuel production characteristics with the sustainability of the biofuel industry in the
context of economic, environmental, socioecological, and geopolitical facets. Hereafter, both subjects
will be combined with a thorough assessment and discussion of literature and data obtained from
literature to create a correlation. Finally, an outlook will be provided to evaluate possible external
influences on the biofuel industry in the future.
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2. Materials and Methods

2.1. Problem Context

The problem context indicates a research interest in the sustainability of the biofuel production
processes. Understanding the interrelation between the two is essential for the future of biofuels since
it is its sustainability, both economically and environmentally, which has created greater attention for
biofuels among the many other alternative energy sources [80–90]. Since the possibilities in production
processes depend on the type of feedstock used in the processes, several feedstocks are taken into
account [91–94]. To further limit the number of different production processes, only the three biofuels
will be considered: Bioethanol, biodiesel, and biomethane.

The scope of the sustainability aspects is discussed by specifying the key issues of the sustainable
development of biofuels which are divided into four subsections: Economic, environmental,
socioecological, and geopolitical. The first three sections combined provide the sustainability factors
involved with biofuel production as found in literature and the subdivision is supported by the
framework of Mangoyana et al. (2013) [95]. Since the social factor introduced in the framework
includes aspects such as land use and biodiversity, the term ‘socioecological’ is deemed more suited.
Finally, the geopolitical substratum is added to consider the effect of governmental support and their
policies on biofuel development. The support still differs between countries in the EU due to their own
individual interests [14]. Moreover, the independence of energy supply is a driving force for adopting
biofuels in the EU.

The factors influencing the economic sustainability of the biofuel industry are all related to the
economic feasibility of production [96]. The key factor is the start of new biofuel production companies,
or the extension of current production lines, for the development of the biofuel industry in terms
of its market size with respect to other fuels. Hence, the focus will be on the choices in production
processes, including the type of biofuel and feedstock, and its relation to the sustainability facets.
The environmental facet includes the GHG emission of the process to the discussion of sustainability.
The emissions of fossil fuels are an important driving force for the development of biofuels, which are
expected to have a lower net GHG emission due to the plant feedstock [97–101]. In addition, there are
the factors that have both an impact on the environment, the society, and the quality of life of the
individual inside that society, that are covered in the socioecological facet [102].

The inputs of the system are the commercially applied production processes of bioethanol,
biodiesel, and biomethane together with the factors that determine the economic, environmental,
socioecological, and geopolitical sustainability of the production processes that will be determined
and will be discussed in the methodology of this research. It is projected to deliver insights into
the performance of the different production technologies, feedstocks, and final biofuel product with
respect to the sustainability of the biofuel industry. First, the different possibilities in the production of
bioethanol, biodiesel, and biomethane have to be determined. Thereafter, it has to be determined how
different biofuel production characteristics contribute to the sustainability facets described in the scope
of the research and summarized in the economic, environmental, socioecological, and geopolitical facets.

The main sources of information will be review articles on biofuel technologies to provide
an overview of the existing technologies. Moreover, technical reports of different associations focused
on renewable energies and fuels will be used to obtain data on the recent commercial production.
Quantitative data regarding, among others, production cost and GHG emission of these reports will
then be combined with the research articles obtained from databases. Search terms including ‘biofuel
production process’, ‘bioethanol/biodiesel/biomethane production’, ‘feedstock biofuels’, ‘biomass
conversion’, ‘biofuel conversion technology’, ‘production cost biofuels’, ‘policies biofuel production’,
‘water use biofuel’, ‘life cycle analysis biofuel’, ‘politics biofuel’, and ‘land use biofuel’, will be used to
obtain the articles from the literature database.

From the analysis of the different feedstock types and conversion processes for bioethanol, biodiesel,
and biomethane, a simplified overview of the production pathways is provided in Figure 1. Overall,
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the feedstocks can be subdivided in the first-generation complete crops and the second-generation,
or advanced, biofuels from residues, wastes, and lignocellulosic biomass.Sustainability 2019, 11, x FOR PEER REVIEW 4 of 24 
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Figure 1. The different production pathways from feedstock to biofuel, self-constructed. The arrows
indicate conversion processes, and the rectangles indicate the inputs and outputs of those
conversion processes.

The factors from the sustainability facets that are directly affected by the biofuel industry will
be determined by a PESTLE analysis. The final deliverable, the interrelation between the biofuel
production characteristics, and the described sustainability factors, will be determined by an assessment
of both qualitative and quantitative data obtained using the described literature research. In addition
to the definite results, a discussion of the results will be incorporated to address and include the
complexity of the biofuel industry and the linkages between the different sustainability facets.

2.2. PESTLE Analysis

The PESTLE analysis will be used to evaluate the external influences on the biofuel industry.
It originates from marketing analysis, but these external influences on the industry will be used to
determine the factors influencing the long-term sustainability of the industry. PESTLE stands for
Political, Economic, Social, Technological, Legal, and Environmental. It provides a broad view of the
complete environment of the biofuel industry. The analysis will determine the factors for the economic,
environmental, socioecological, and geopolitical sustainability facets. It provides the framework for
the correlation with the production technologies to determine the strength and weaknesses of the
different production pathways.

2.2.1. Political and Legal

The political and legal aspects of the biofuel industry in the EU are driven by directives developed
by the European Commission such as the RED. Each country has developed its own legal framework
to support the national biofuel industry in achieving the target of 10% renewable transportation fuel by
2020 [12]. Recently, the RED has developed in recognizing the effect of indirect land-use change [33,34].
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Furthermore, the competitiveness of biofuels in industrialized countries is driven by the subsidies and
import tariffs in place. These tools create a significant barrier to international trade from the EU to
other countries and therefore create a captive market for the national biofuel producers in the EU [103].
Politically, there are several factors impacting the national biofuel market, including employment laws
and tax policies. However, to understand the overall political and legal impact on the EU biofuel
market, the focus is on the differences in support policies for the biofuel development for each country.
The support system for each biofuel significantly impacts the long-term sustainability of the biofuels.

2.2.2. Economical

As mentioned, the political aspect influences the economics of the biofuel industry by providing
subsidies and creating import tariffs to protect and support the market. The biofuel industry, like any
other industry, will be affected by changes in the economic environment which are, among others,
tax, interest and exchange rates. However, specifically for the long-term sustainability of the biofuel
market, the factor that will be addressed is the demand and supply of biofuel. The production cost of
the different biofuels relates to the price, which affects the demand and therefore influences the supply.
This circle is impacted by political influences, social behavior, and the development of technology.
Hence, the application of PESTLE analysis to obtain a complete overview of the long-term sustainability
of the biofuel industry.

As a replacer of fossil fuels, the competitiveness of biofuels does not only depend on its own
production cost but even more so on the price of fossil fuels. Moreover, the current subsidies largely
influence the competitiveness of the biofuel production cost. Biodiesel, bioethanol, and biomethane
all have their own economic sustainability, influenced by factors including the feedstock, the type of
conversion technologies, and the number of required processing steps. First, the cost of buying and
cultivating feedstock differs depending on the type. Moreover, each feedstock has its own productivity
influencing the overall cost per unit or volume of the feedstock [95]. Depending on the feedstock and the
type of biofuel, there is a different conversion technology to produce the biofuel. Each conversion type
has its own cost to implement and execute in a production process. However, the cost will develop with
time, influenced by the learning and scaling effects [104]. In addition, the type of feedstock influences
the number of production steps, since some types require pre-treatment or purification processes.

2.2.3. Technological

First, the technological aspect covers the technological developments and innovations in the
industry [105–107]. The scope of this research on commercially available production technologies
limits the effect of innovation on long-term sustainability. It is, however, important to notice that the
development of the third generation biofuels, produced from algae, is a future development that could
render the biofuels considered in this research relatively less sustainable [108–115].

Important to consider, is the overall development of the fuel and transportation industry,
as electrical transportations vehicles become more important. The consideration of starting a biofuel
production company at this moment of time should include the expected life cycle of the industry.
If the electric vehicle industry developments increase significantly, the investments in biofuels could
be unprofitable because of a decrease in demand. The technological influence on the biofuel industry
highlights the importance of the expected demand and raises the question: Is the expected time until
the demand of biofuel that will decrease due to other technologies long enough to be a profitable
investment? On the other hand, the ability to convert the production process or use it for other
applications will influence the expected lifetime of the investment.

2.2.4. Social

The influence of the social aspect of the biofuel industry relates to social changes and social
stability. The common examples are the competition with the food supply and the cost of biofuels [95].
Moreover, water use in the biofuel industry will impact social stability. Water is already a scarce
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resource in many parts of the world, and the continuing development of the biofuel industry can add
to the existing pressures [116].

A significant amount of the feedstock discussed in the previous chapter are also agricultural
products used in food production, for example, corn and sugar beet. Therefore, the development of
biofuel production has a significant impact on the world’s agricultural market and food security [117].
Moreover, cultivation of the biofuel feedstock competes directly for land with other food crops such
as coffee beans or rice. The feedstock that is also used for food and feed production including corn,
wheat, sugar cane, soybean, rapeseed, and sunflowers are denoted as the first-generation feedstock.
On the other hand, the second-generation feedstock, which includes lignocellulosic biomass and waste
oils, do more increasingly support the co-existence of biofuel and food production [1].

Due to the existing pressure on water, the water consumption of the cultivation and conversion
processes of the biofuels impact the overall sustainability of the production processes [116]. The different
feedstocks will be analyzed on the use of water in the harvesting techniques. Moreover, the relative
water consumption of the production process for each biofuel and feedstock will influence its impact
on water scarcity. The ability to recycle the water streams in the process, thus reducing the net water
use, is a significant factor that affects the performance of the process regarding water use.

2.2.5. Environmental

In the case of the biofuel industry, the environmental facet is extremely important since the
reduction of the GHG emission is one of the key components in the sustainable development and one
of the factors driving the transition to biofuels [118]. Moreover, it is important to note the interrelation
between the social and the environmental aspects influencing the biofuel industry. This research
defined the socioecological facet to summarize the factors that influence both aspects, including water
scarcity and food competition. It also includes the aspect of land use for the cultivation of feedstock
that has a large impact on the environment and social factors of the biofuel industry. Several life
cycle assessments (LCA) obtained from literature, describe the improvement in GHG emission for
different types of biofuels. Important are the different aspects influencing the GHG emission of
biofuel production. The aspects include the type and management of the feedstock and the conversion
technologies [119]. However, the results may also differ depending on the system boundaries of the
LCA. Hence, the importance of an overall assessment of different sources in the following analysis.
The general assumption in the LCA studies, regarding the GHG emission, is that CO2 emissions from
biomass combustion are climate-neutral due to the biomass absorption of CO2 during growing [120].
Hence, the GHGs will depend more on the production processes surrounding biomass combustion.

The aspect of land-use incorporates the essential difference between the restoration of degraded
farmlands or removing forests for biofuels [121]. The term indirect land-use change (ILUC) describes
the change of natural environments to croplands to grow crops that replace the feedstock used for
biofuels. Essentially, it is the effect of competing with the same resources as the food industry. The ILUC
leads not only to a loss in biodiversity but also increases the GHG emission and impacts the prices of
food [122]. The potential GHG savings are important for biofuel development, but they are reduced
due to land-use change by, for example, deforestation. The exact land-use effects depend on the
type of land that will be used and if deforestation is avoided [14]. These motives are hard to predict,
therefore this study will take the land requirement of the feedstock, feedstock productivity, and the
ability to grow on more degraded land as key factors influencing the land use [14]. The conversion
of waste streams to biofuels is an important example of a feedstock that minimizes the land use.
The interrelation between the land use and the environmental sustainability is recognized, but it is
considered as socio-ecological due to its causal relationship with feedstock cultivation and its effect on
the biodiversity, food competition, and water use.

Finally, biodiversity is also affected by the increase in crop cultivation due to biofuel
development [123]. Biodiversity is supported by an environment with multiple crop species,
while biofuel production yields are increased by the reduction of feedstock types that are cultivated
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in one area. The water use of the biofuel production can also be argued as an environmental aspect,
hence the allocation to the socio-ecological facet.

2.2.6. Overview of Sustainability Framework

The results of the PESTLE analysis are summarized in Table 1. The collected factors
will be correlated to the different production technologies, depending on the biofuel, feedstock,
and conversion technology.

Table 1. The results of the PESTLE analysis as obtained are summarized per subcategory.

Political & Legal Economic Social Technological Environmental

• RED
• National Policies

• Cost and efficiency
• Feedstock production
• Conversion process

• Price
• Food competition
• Water scarcity

High technological
development of both
biofuel industry and

other renewable
transportation industries

• GHG emissions
• Feedstock and

biofuel production
• Direct and indirect

land use
• Biodiversity

The different factors from the PESTLE analysis all affect the long-term sustainability of the
biofuel industry. The factors are subdivided into the sustainability facets where both the political and
economic factors are directly assigned to the geopolitical and economic sustainability facet, respectively.
Socioecological governance comprises the factors of food competition, water scarcity, and biodiversity,
all affected by the discussed land-use change phenomena. The GHG emissions are covered in the
environmental facet, which emphasizes one of the driving forces of biofuel development.

3. Correlation between the Production Processes and the Sustainability Framework

3.1. Economic Landscape

First, the distinction of biofuel produced from food crops and biofuel produced from waste and
residues streams is often used in literature and is referred to as first- and second-generation biofuel,
respectively. Regardless of the large variety in the production cost of biofuel that is influenced by
feedstock, conversion process, the scale of the production, and the region, a general trend is determined.
The first-generation biofuels have a significantly lower capital cost compared to the second generation.
However, the feedstock cost of the first-generation biofuel poses a threat to its viability since it generally
represents around 60–90% of the total production cost [35]. In the long term, the feedstock cost accounts
for 30–45% of the total production cost for biofuels from lignocellulosic biomass. The second-generation
biofuels will become competitive as the high capital costs reduce by the development of the relatively
new conversion technologies. Nevertheless, the price of oil also impacts the biofuel industry to the
extent that an oil price below US$80 per barrel will deem the second-generation biofuel uncompetitive
with the fossil fuel market for the next 30 years [124].

Due to the high contribution of the feedstock to the total cost of the first-generation biofuel,
the crop feedstocks are evaluated on, among other aspects, their efficiency. Table 2 indicates the high
potential energy yield of the sugar feedstock compared to the starch feedstock. However, the conversion
efficiency strictly dictates the overall productivity of the complete feedstock to the fuel process. It is
notable to mention that raw sugarcane is not produced in the EU, it is always imported in the framework
of preferential trading relationships. Raw sugarcane is processed in European countries contributing
to the biofuel industry. Table 4 shows some results where the bioethanol from sugar crops still is
superior considering the overall productivity. The energy productivities indicate a lower efficiency
in terms of liters/ha for biodiesel crops production compared to both bioethanol and biomethane.
However, the energy in terms of GJ shows more similar values, implying that the energy value of
bioethanol in GJ/liters is significantly higher than that of biodiesel. The bioethanol from lignocellulosic
biomass, see the cereal straw in Table 4 does not have competitive energy productivity. The overall
economic sustainability could, however, profit from the low cost of waste streams as a feedstock [125].
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Similar conditions apply to the residue feedstock-types used for both biochemical and thermochemical
biodiesel. The woody crops and short rotation plants do show competitive energy productivity values
of around 90 GJ/ha for thermochemically produced biodiesel.

Table 2. The yields of possible crop feedstock for biofuels in terms of its weight (tons) and energy (GJ)
per hectare of cropland [126–128].

Feedstock Yield (t/ha) Yield (GJ/ha)

Sugar cane 68.7–70.9 370
Sugar beet 61.5–68.9 243.7–281

Maize 3.9–5.8 61
Wheat 3.5–7.9 77–119.4

Rapeseed 2.2–3.5 74–84.4
Sunflower seeds 1.8–2.4 58

Soya beans 2.8–2.9 56
Woody crops 11–27 87–239.4

In terms of availability, the cultivation of crops as a biofuel feedstock is not directly a problem as
additional land could be acquired. It does significantly affect other sustainability facets of the industry
as will be discussed later this chapter. The non-food crop feedstocks for biofuels including the woody
residues used cooking oil, and animal fats also have an application in competing sectors. Nevertheless,
it is determined that, as the total amount of these feedstock-types available is significantly larger than
the demand from the competing sectors, the feedstock is available in a considerable amount for the
biofuel industry. However, the availability of waste and residue streams has its limitations since the
dedicate production of that core product for biofuels eliminates practically all benefits of the feedstock,
which will be encountered when the demand increases.

Now, the efficiency of feedstock does influence economic competitiveness, but in the end, the cost
of the energy source is the most important. Therefore, considering the cost not only with respect to
volume but also the energy contribution is key to the sustainability assessment. The trend in first-
and second-generation biofuels and the influence of the oil price, as described before, is also visible
in Table 3, where the cost is normalized with respect to energy productivity. The values of energy
productivity used in the previous study [125], from Table 3, differ from the values stated in Table 4,
and these types of values are influenced, among others, by the region of feedstock origin and the
weather [128]. However, the key message to extract is that for production of one fuel, the common
values to consider are the cost per volume of fuel, whereas for the final consumption it is about the
energy that can be extracted from the volume of fuel which will influence the cost assessment. Table 3
shows that the biodiesel produced from waste oil has a competitive production cost that will decrease
even further with the development of the technology. The bioethanol from lignocellulosic biomass
shows the prospects of the reduction in capital cost that directly creates a competitive production cost
in the year 2020. The cost of conversion for the crop feedstock will not change significantly over time
as the technology is matured, implying that the increase in production cost is imposed by the expected
increase of crop prices [125]. Table 3 also depicts the smaller cost range for lignocellulosic bioethanol
and biodiesel from waste oils, which implies that these products are the least sensitive for oil price
changes. As the cost of the conversion process is more significant for the second-generation biofuel,
the data in Table 5 addresses the different types of cost for both the biochemical and the thermochemical
production pathway.
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Table 3. The production cost for different biochemical produced biofuels and feedstock under varying
oil price scenarios for both the year 2015 and 2020. The results are adapted from [125]. The total costs
are normalized based on the energy density of the biofuel with respect to the energy density of fossil
fuel to ensure the comparability of the total cost of the different biofuels.

(Bio-) Fuel Raw Material Crude Oil
Price [€/Barrel]

Total Costs Normalized on Energy
Density (€Cent/L)

2015 2020

Fossil fuel Crude oil 50–200 36.5–130.8 36.5–130.8
Bioethanol Maize 50–200 105.6–140.2 110.6–145.3
Bioethanol Wheat 50–200 136.4–186.1 151.3–202.6
Bioethanol Lignocellulosic waste material 50–200 157.3–171.2 81.5–95.4
Biodiesel Rapeseed oil 50–200 117.5–171.4 138.4–192.3
Biodiesel Palm oil 50–200 70.0–121.9 63.7–115.5
Biodiesel Waste oil 50–200 61.8–89.9 45.4–73.6

Table 4. The yields of the different biofuel types per hectare of crop feedstock in terms of energy (GJ)
and volume (liters) expected in the year 2020. The conversion technologies are all biochemical with
exception from the thermochemical Fischer-Tropsch (FT) biodiesel. Adapted from [129].

Type of Biofuel Feedstock Energy Productivity
2020 (GJ/ha)

Energy Productivity
2020 (L/ha)

Bioethanol

Wheat 42 2000
Maize 64 3030
Barley 38 1770

Sugar beet 145 6840
Sugar cane 118 5570

Biomethane Silage Maize 123

Biodiesel

Sunflower oil 24.5 740
Palm oil 88 2660

Rapeseed 52 1570
Soybean 17 530

Bioethanol Cereal straw 15 710

FT Biodiesel
Miscanthus & Switchgrass 90
Short rotation plantation 97

Forest residues 5.8/year

First, a large variation in feedstock price for the biochemical production of biomethane is apparent.
The opportunity for biofuels is the low feedstock prices that can be obtained from using waste streams,
which will be the type of zero cost feedstock [130]. The range of the production cost for biochemically
produced biomethane can thus largely be allocated to the type of feedstock. Therefore, the more
advanced and less mature thermochemical processes do show a slightly higher production cost
compared to the biomethane after biogas upgrading. For the biochemical produced bioethanol from
lignocellulosic biomass, the production cost will be higher as for crop-based bioethanol due to the
additional process steps for lignocellulosic biofuels as discussed in the earlier chapter.
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Table 5. Overview of the production cost (range) per unit of energy of both the biochemical (biomethane
and bioethanol) and thermochemical (biomethane and biodiesel) for predefined feedstock. The cost of
the biochemical conversion of biomethane covers all the different feedstock for anaerobic digestion.
Adapted from [130].

Type of
Biofuel Conversion

Process
Feedstock Feedstock

Price (€/MWh)
Production Cost
Range (€/MWh)

Production Cost
Range (€/GJ)

Biomethane Biochemical - 0–80 40–120 11–34
Bioethanol Biochemical Cellulosic biomass 10–13 85–103 24–29

Biomethane Thermochemical Waste and wood biomass 10–20 56–91 16–25
Biodiesel Thermochemical Wood biomass 10–20 90–139 25–35

For the overall economic sustainability of the different biofuels, a trend is clear that the expected
feedstock cost favors the use of biomass, wastes, and residues. Only considering the feedstock
cost, the fuels produced from lignocellulosic biomass: All thermochemical production process for
the three biofuels, and the biochemical pathway for bioethanol, and the production from wastes
and residues, which include the biochemical production of both biodiesel and biomethane. Hence,
the biomethane has the highest number of production possibilities which provide a competitive
feedstock cost. Moreover, the biochemical production of biomethane from biogas is a more mature
technology, similar to the other biochemical production processes from crop feedstock that show
competitive cost figures. However, the capital cost of the second-generation feedstock is expected to
become competitive due to the development of the industry. A similar effect needs to apply to the
thermochemical production path to support the economic sustainability of the biofuels produced via
the syngas pathway from lignocellulosic biomass. To invest in these advanced biofuels in the current
circumstance, long-term policy support is the only tool to provide certainty that investors will achieve
a return on investment [131]. An extended scope, outside of the biofuel industry, shows that a low oil
price could still render all the biofuels less economic sustainable due to the resulting uncompetitive
production cost.

For the deployment of biomethane as fuel, the additional cost barrier exists of extending the
distribution and fueling infrastructure of gaseous fuels [132]. Here the support, both in realizing and
financing, of the national governments is necessary to allow a connection with the natural gas grid
system. In addition to the investments required to start a production plant for one of the biofuels,
these infrastructure costs for biomethane do affect its economic sustainability but they are essential to
ensure demand for the fuel.

3.2. Environmental Governance

The GHG emissions will be correlated to the different types of feedstock and the different
production processes. A variance in the GHG emission among the feedstock types is especially
highlighted by the recent attention to the effect of indirect land-use change imposed by crop feedstock.

A broad overview of the emissions from the supply chain of the biofuels is depicted in Figure 2,
distinguishing between the contribution of cultivation, processing, and transport to the total emission
of the supply chain [128]. The study used the BioGrace [133] tool for calculations of the different types
of emission that are expressed in CO2-equivalents. The data in Figure 2 shows clearly that cultivation of
the feedstock, if applicable, contributes on average for at least 50% to the total supply-chain emissions.
Therefore, both biomethane production and biodiesel from waste oils have a superior position by
non-agricultural waste streams as feedstock. The agricultural waste stream of lignocellulosic biomass
used in the advanced ethanol and FT diesel contributes to the GHG effect by the utilization of fertilizers
during cultivation [128].
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The emissions during the conversion processes of the biofuels are influenced by the fossil energy
consumption as clearly depicted in the case of lignocellulosic biomass where it is assumed that the
conversion energy will be derived from the biomass itself. The same applies to the results depicted
for sugar cane, where the conversion emission are calculated under the assumption that energy is
produced from the by-product bagasse.

Overall, this discussion of recycling of waste streams in the biofuel processes creates not only the
challenge in the analysis of emissions but will also affect production costs. Another example is the
case where bagasse can also be used as lignocellulosic biomass for biochemically produced bioethanol
or the thermochemical production. However, in this case, the bagasse can be a waste stream of the
food industry compared to an internal waste stream as with the utilization of sugar cane. Another
possibility one could imagine is the replacement of fossil fuels used in transport and conversion process
by biofuels.

For environmental sustainability purely, this implementation would be ideal since it will reduce
the emissions of the supply chain. However, considering the economic landscape, it would only weaken
the efficiency of a production process since the land use will increase to produce similar amounts of
biofuel. Such implementation would thus require the development of policies and production criteria
and to a higher extent analysis of emissions imposed by the additional land use. If a fossil system is
an alternative to using residues for energy production, the use of food waste for biofuel production can
show overall negative GHG emission effect since the loss of energy will be compensated with fossil
fuels. This relation will develop on the long-term as sources for the electricity and heat sector will be
less pollutive for the environment [135].

Overall the land-use change imposes reduces the environmental sustainability of biofuels produced
from food crops compared to alternatives. There is even research that reports a net increase in GHG
emission for food crop biofuels imposed by the land use impacts compared to fossil fuels [135]. Table 6
clearly shows the higher land-use emissions for the biodiesel feedstock compared to bioethanol.
First of all, a relation is visible between crop productivity and the land-use emission, as less land is
required to produce the same amount of energy. This effect benefits the first-generation bioethanol
feedstock over the oil crops for biodiesel. Moreover, the land used to grow the crops impacts the
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overall emission. For biodiesel, specifically for palm oil, the emission is a consequence of the high
conversion of peatlands into palm cultivation areas [129]. This impact is confirmed by the study of [128],
where direct land-use change from grassland is significantly favorable compared to the conversion
of forest lands to biofuel croplands. Hence, the negative values for the fast-growing plantation for
FT biodiesel, which are particularly grown on marginal lands and thus improve the conditions of the
land resulting in an overall reduction of emissions. The land-use emission for biomethane production
shows no significant differences with the bioethanol production from crops. The use of agricultural
wastes from the food industry could to an extent reduce these emissions since the cultivation is not
directly influenced by the biofuel demand.

Table 6. The land use emissions for various feedstock that include both the direct and indirect
effects of both land use and land-use change. All conversion processes are biochemical, except the
thermochemically produced Fischer-Tropsch (FT) biodiesel. Adapted from [129].

Type of Biofuel Feedstock Land Use Emission (g CO2/MJ)

Bioethanol

Wheat 34
Maize 14
Barley 36

Sugar beet 15
Sugar cane 17

Biomethane Silage Maize 21

Biodiesel

Sunflower oil 63
Palm oil 231

Rapeseed 65
Soybean 150

Bioethanol Cereal straw 16

FT Biodiesel
Miscanthus & Switchgrass −12
Short rotation plantation −29

An analysis of recent studies regarding the ILUC emissions shows varying results and the
overall ILUC effects are therefore considered difficult to precisely define [136]. However, wood and
crop residues are considered promising as the ILUC GHG emission are considerably lower than the
first-generation crop-based biofuels [129,137]. The study of [136] does indicate a trend where on
average biodiesel has higher ILUC emission (median of 52 g CO2-eq/MJ) compared to first-generation
ethanol (median of 21 g CO2-eq/MJ), with the sugar crops showing the lowest ILUC emissions.

The negative effect of the application of crops as a biofuel feedstock is once more highlighted by
the land-use emission analysis. The general emission from the biofuel supply chain already did not
depict favorable equivalent CO2 factors. Overall, the environmental sustainability of crop feedstocks is
impacted especially with the available superior feedstock. Not only the supply chain emissions are
competitive, but the residue streams as feedstock also do not impose the land-use impacts seen by the
first-generation bioethanol and biodiesel feedstock. In addition to the thermochemical conversion of
grasses to biodiesel that shows negative land-use emission, the biochemical conversion of waste oils
already shows an environmental favorable supply chain and the land-use effects are not applicable.

3.3. Socioecological Aspects

The essence of the socioecological sustainability originates from the origin of the feedstock,
whether it is cultivated on agricultural land or a waste stream from an industrial process for example.
Considering only first-generation bioethanol and biodiesel, the study of [138] analyzed the water,
land, and food use with data from 85% of the global bioethanol consumption and 81% of the global
biodiesel consumption in 2013. The results indicate that for only crop feedstock, biodiesel requires
on average 90,000 m3/TJ of water compared to 74,000 m3/TJ for bioethanol. The land required is on
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average 9 ha/TJ for bioethanol and 29 ha/TJ for biodiesel. However, based on the food calories used for
the production of the first-generation biofuels, the biodiesel is less competitive with the food industry
with an average of 95 people/TJ of biodiesel that could be fed compared to 107 people/TJ of bioethanol.
Considering the production processes of both bioethanol and biodiesel it can thus be concluded that
the overall efficiency of land to biofuel is significantly lower for biodiesel. However, the use of waste
oils, for example, the waste cooking oils from households, does not require the extraction processes
compared to the oil crops, which would favor the increase the production yields per volume of
feedstock used. In comparison, the biochemical production of bioethanol from lignocellulosic biomass
still does not convert all biomass to biofuel. The thermochemical conversion technologies would
reduce the waste stream since the complete biomass can be converted to syngas. However, this does
not directly implicate that thermochemical conversion can produce more biofuel from less land since
not all the feedstock has the same amount of bioethanol yield. Moreover, the biochemical production
processes do consider the recycling of waste streams such as the use of lignin to generate the required
heat for the process, as discussed in the conversion technologies. Overall, the distinction between food
and non-food feedstock is essential for the discussion and implication of land use, as is recognized by
the European Commission, which presented the Indirect Land Use Change (ILUC) Directive in 2015 to
tackle those negative effects of food-based feedstock. It limits the share of biofuels from crops grown
on agricultural land to 7% and directs the Member States of the EU to develop national targets for the
second generation biofuels [34].

Considering the feedstock for biomethane, the biofuel has a strong socioecological position due
to the extensive possibilities in the application of feedstock other than complete agricultural crops.
However, bioethanol could still be a competitive biofuel as national targets are set to develop the
production from lignocellulosic biomass. On the other hand, biodiesel production from used cooking
oils is even more technologically mature, as it is the feedstock for 86% of the UK biodiesel [139].
Thermochemical conversion to syngas implies that the same feedstock can be used for all three biofuels,
implying that socioecological sustainability is less a decisive factor for the biofuel choice with this
technology. Since the feedstock for the gasification process originates mainly from residues and
biomass, the impact of thermochemical production on the socioecological sustainability factors will
generally be less as to the biochemical conversion pathway, especially with the food crop feedstock.
However, conversion efficiencies of the different technology could reduce this effect and would increase
the possibilities for feedstock that impose less pressure on agricultural land use.

To reduce the impact of land use and the competition with the food industry there are crops
that are non-edible and grow well on marginal lands including the discussed Jatropha (Bhuiya et al.,
2016). However, similar to the other crops, these crops do also require significant amounts of water
to grow and cultivate compared to the water footprint of crop residues [140]. Table 7 is indicative of
the reduction in water use if residues of crops are used for biofuel production instead of complete
crops. It would only be favorable if the residues could be obtained from normal agricultural activities,
such that it is a waste stream of another industry instead of specially cultivated to produce biofuel.
Further analysis of the crop yields in Table 7 shows that the water footprint is lowest for the sugar
feedstock used for bioethanol and that the oil crops for biodiesel have a higher water footprint. This is
the same trend as depicted by the first-generation biofuel data of [138] as discussed.

The change in biodiversity due to the biofuel industry is mainly driven by land use [141].
The negative impact of deforestation on biodiversity has already been described. However, for the
conversion of abandoned cropland or marginal lands to biofuel croplands, the impacts are not that
clear. In general, the use of the second-generation crops is considered to have a less negative influence
on the biodiversity compared to the first-generation [141]. The improvements in the biodiversity
impacts by the cultivation of second-generation feedstock are also supported by the study of [142].
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Table 7. The water footprint in m3 per ton of crop yields and residues. It states the amount of water
used in growing the useful part of the crop (the yield), and for what is considered the residue [140].

Crop Water Footprint of Crop Yield (m3/t) Water Footprint Residue (m3/t)

Sugar cane 176 72
Corn 961 205
Rice 1523 129

Wheat 1633 140
Sugar beet 103 47

Cassava 476 87
Soybean 2002 188

Rapeseed 1583 205
Cotton 3796 154

Sunflower 2014 636

For the food competition and water use issues, the important driver is the type of feedstock and
the land that cultivation requires. Biodiversity does also improve by minimization of crop feedstock
but is to a higher extent influenced by the type of land that is converted for cultivation [142]. In other
words, biodiversity is the easier factor of the socioecological facet to improve by creating legislation
that restricts certain areas of land to be used for cultivation of biofuel crops.

3.4. Geopolitical Substratum

Towards the renewable energy goals of the EU of the year 2020, all 28 member states are obliged
to report on their progress every two years. The binding target for the transportation sector is to obtain
a renewable energy share of at least 10%, which support the development of the biofuel industry to
achieve this target [12,33]. As the biofuels are developed as renewable energies, the environmental and
socioecological facets can be considered as drivers for the biofuel policies. Therefore, the geopolitical
sustainability, the extent to which distinctive parts of the biofuel industry are supported by the
geographic characteristics and the developed policies, is strongly affected by the assessment of its
environmental and socioecological sustainability. A substantial amount of the current policies now
incorporates a system of certification that ensures sustainable production of biofuels. To which extent
the term ‘sustainable’ includes all facets covered in this research is difficult to determine, but the
programs were initiated after the publication of reports about the interrelation of biofuel production
and food shortages, biodiversity loss, and the land-use change [143]. Moreover, to directly reduce the
impact of food crops on these types of issues, a restriction is introduced which limits the use of food
crops, the sugar, starch, and oil crops, to 7% of all the feedstock used to produce biofuel.

Among the EU member states, Germany is the country with the highest level of development of
bioenergy. Their target for the transportation sector is set at 13.8% renewable energy by 2020 [144],
aiming above the guideline of the EU. In comparison, Poland has aligned the 2020 target of renewable
energy in transport with the minimum 10% imposed by the EU but aiming for 8.5% renewable fuels
and 1.5% contribution from electricity used in transport [145].

The Netherlands was the first, in 2009, EU country to have legislation in place that supported the
production of biofuels from waste, residues, and lignocellulosic biomass by counting these advanced
biofuels double towards the targets set for the industry [146]. In practice, these types of biofuel
contributed for 50% to the total renewable energy used in the Netherlands in 2016, of which used
cooking oil and animal fats for biodiesel production were the primary sources. Recently, Italy as
a pioneer legally required all fuel suppliers to include 0.6% advanced biofuels in the gasoline and diesel
produced from 2018 [147]. In contrast, Poland did not implement the directive supporting the advanced
biofuel in its legal system, including a double counting system, until 2018 [145]. Hence, no data on the
use of this type of feedstock in biofuel production is available in the prior years. Romania, another
country in non-western Europe, experiences similar problems in supporting advanced biofuels. In this
case, they explicitly refer to budgetary problems that limit their development of support schemes
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especially required for the infrastructure that is needed to produce the more costly biofuels from
wastes, residues, and lignocellulosic biomass [148].

Overall in the EU, there is a direct intention to limit the use of first-generation biofuels.
The alternatives, including the use of waste and residues, do require additional support that cannot
yet be provided by all countries. Hence, the geopolitical sustainability of food crop-based biofuels
decreases, while the use of advanced biofuels is increasingly promoted. However, in the current state
of policies, the economic support for advanced biofuels seems more developed in western Europe,
whereas other countries face difficulties in providing a support system that can lower the higher capital
cost of advanced biofuel production.

The development of the biofuel industry can be linked to the availability of feedstock as input to
the production process. From Figures 3 and 4, it can be derived that, especially for bioethanol, a large
majority of the feedstock used for the EU biofuel industry originate from Europe itself. Regarding the
support of the biofuel industry by the development of policies, the application of native feedstock
will support policies that address the whole supply chain of the biofuel industry. However, there are
a growing number of voluntary schemes that can be used worldwide to prove compliance with
the EU biofuel sustainability criteria. The 63.7% of biodiesel produced with feedstock from the EU
originates for 33% from used cooking oil and animal fats [149]. These feedstock types are available
worldwide and meet the trend of requirements set for the sustainability of biofuel feedstock. The 20.6%
of feedstock imported from Malaysia and Indonesia, which is primarily palm oil, is not compliant
with the developing policies. Recent criteria set by the EU deem all the palm oil produced on land
larger than 2 ha unsustainable, which implies that biofuel from palm oil cannot be counted towards
the renewable energy targets imposed by the EU [150].
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The creation of the national laws to achieve the targets of EU is empowered in the RED, on the only
condition that there is no legislation that restricts the free movement of fuels and feedstocks among the
EU countries [150]. For countries outside of the EU, anti-dumping duties are imposed on, for example,
the US ethanol in 2013, since that market price was below what EU producers could offer [151]. Hence,
the consensus among the EU countries appears to be the use of the EU biofuel market to support the
development of the EU production companies. This trend, together with the extent of imposed EU
tariffs on biofuel, drives the EU towards the creation of an isolated biofuel market [151]. Depending on
the trade of the feedstock, such an isolated market will have more impact on the variety of feedstocks
used in the EU biofuel than on the distribution of the biofuel types that are consumed, since, for all
biofuels, the necessary feedstock is available in the EU itself.

4. Discussion

From the start of this integration project, a broad research-oriented approach is deemed suited to
address the existing knowledge gap that restricted biofuel development. The variety of the production
characteristics and sustainability factors that are analyzed as a result of this approach highlight the
complexity of the industry faced by policymakers and production companies. The research structures
this complexity by identifying key relationships between the industry and its sustainability. However,
some relationships are more extensively discussed and highlighted compared to others due to the lack
of recent representative research. Further research could, for example, specifically address production
characteristics of the biogas upgrading for the biomethane production to allow a more equal comparison
with the more mature bioethanol and biodiesel processes. Moreover, further research should build on
the positive relationships between a production characteristic and the sustainability identified in this
research by analyzing how to optimize the positive effect and neutralize additional consequences on
other sustainability facets. That knowledge will contribute to effective future development of biofuels
by companies and governments while ensuring its sustainability.

An understanding of the key aspects of the biofuel production process and how they all affect the
sustainability of the industry can contribute to the sustainable development of biofuels. To address the
existing knowledge gap, this research correlates key production characteristics of bioethanol, biodiesel,
and biomethane with the sustainability factors that are affected by the biofuel industry. The results
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show a significant number of possibilities in the supply chain of the biofuel industry. First, the feedstock
for bioethanol and biodiesel can either be food crops, the first-generation, or lignocellulosic biomass,
waste and residue streams, the second-generation. For biomethane, the main feedstock sources are
waste and by-products from the agricultural, industrial, and municipal sectors. Second, the conversion
process of feedstock to biofuel can be subdivided in the biochemical and the thermochemical pathway.
The latter is commercially available as the syngas-route, where lignocellulosic biomass is the most
common renewable feedstock.

The correlation executed in the research shows that the current technological developments in
the industry significantly affect the competitiveness between different production characteristics with
respect to economic sustainability. The characteristics of biomethane show a good potential to maintain
a competitive production cost both in the current perspective as in the near future. The low feedstock
cost of the second-generation biofuels gives a competitive advantage to the lignocellulosic bioethanol
and biodiesel from waste oils via the biochemical production pathway which will only increase over
time as the technologies become more mature. In general, the biofuels from lignocellulosic biomass
produced via the thermochemical pathway become also more competitive as the capital cost will
decrease. Overall, the economic sustainability of biodiesel and bioethanol from crop feedstock will
decrease as the alternatives and their conversion technology develop.

The environmental impacts of the different biofuels differ significantly. Biomethane and biodiesel
from waste oils show favorable properties because there are no emissions from crop cultivation and
the land-use impacts are minimized. The ability to use the feedstock to generate energy contributes to
a reduction in emission for some crops, including sugar cane and wheat, and the biofuels produced
from lignocellulosic biomass. The latter also avoids largely all impacts from land use and land-use
change. Additionally, the impact of land use and land-use change induced by crop feedstock affects
socioecological sustainability. The use of residues and waste streams would reduce the impact on
food competition, water use, and biodiversity. Biomethane shows the largest number of possibilities
in avoiding crop feedstock and using different waste and residue stream. For the use of food crops,
the environmental and socio-ecological sustainability of the bioethanol production process shows more
favorable results compared to biodiesel production.

The drive for the biofuel production still originates from EU directives and the related government
legislation. In policy development, there is a focus on the feedstock types and their origin,
with limitations for the use of crop feedstock and the first initiatives being introduced that support
the second-generation biofuels. However, the development is not uniform for all the EU countries,
as not all countries have the economic capacity and infrastructure required for such extensive support.
Overall, the results of the correlation can be used as the starting point for a multiple-scenario assessment
which is required to develop a policy that supports the sustainable development of biofuels. Moreover,
production companies can start an assessment of their production characteristics to ensure that these
will suit future policies incorporating the importance of sustainable development.

5. Summary

A broad research-oriented approach was deemed suitable to address the existing knowledge gap
that restricts biofuel development. The variety of the production characteristics and sustainability
factors, that were analyzed as a result of this approach, highlight the complexity of the industry faced
by policymakers and production companies. The research structured this complexity by identifying
key relationships between the industry and its sustainability. However, some relationships were more
extensively discussed and highlighted compared to others due to the lack of recent representative
research. Further research could, for example, specifically address production characteristics of the
biogas upgrading for the biomethane production to allow a more equal comparison with the more
mature bioethanol and biodiesel processes. Moreover, further research should be built on the positive
relationships between a production characteristic and the sustainability identified in this research
by analysing how to optimize the positive effect and neutralise additional consequences on other
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sustainability facets. That knowledge will contribute to an effective future development of biofuels by
companies and governments while ensuring its sustainability.
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