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1.

Introduction

1.1

The necessity of climate change mitigation

Anthropogenic greenhouse gas (GHG) emissions are extremely likely to be the
dominant cause of the observed warming of the climate since the mid-20th century.1
Current atmospheric concentrations of carbon dioxide (CO2), methane (CH4) and
nitrous oxide (N2O) are the highest in at least 800,000 years. Emissions of GHG species
increase their atmospheric concentration, which affects the energy balance of the
earth system (‘radiative forcing’) and changes the global mean surface temperature.2
Continued GHG emissions will instigate further warming, increasing the likelihood of
“severe, pervasive and irreversible impacts” on natural and human systems, such as
ice and permafrost melt, heat waves, floods, droughts, wildfire, extreme precipitation,
and sea level rise.1 The parties to the United Nations Framework Convention on Climate
Change (UNFCCC) agreed in the 2015 Paris Agreement (COP21) to limit average global
temperature increase to well below 2°C above pre-industrial levels to significantly
reduce the risk of the aforementioned impacts of climate change. 3 Figure 1‑1 shows
four Representative Concentration Pathways (RCP), which represent a range of possible
GHG emission pathways in the future. The RCP 2.6 scenario, leading to a temperature
rise ranging from 0.9 to 2.3 oC (mean 1.6 oC) in 2100, is the only scenario consistent with
the Paris Agreement.4 This scenario implies a 40-70% reduction of GHG emission by
2050 (relative to 2010) and net-negative GHG emissions at the end of the century, which
requires strong mitigation efforts across all sectors.1,5

Figure 1‑1: Emission pathways until 2100, based on the fifth assessment report of the IPCC.1
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The climate impact of aviation and mitigation measures

The latest IPCC report estimates global annual anthropogenic GHG emissions at 49
Gt CO2-equivalents (CO2-eq) yr-1 in 2010.6 A more recent estimate shows that GHG
emissions have increased to 53.4 Gt CO2-eq yr-1 in 2017.7 The scope of GHG emissions
included in these estimates follow the Kyoto protocol, which covers emissions from
CO2, CH4, N2O and several fluorinated gases. In 2010, these emissions comprised 76%,
16%, 6% and 2% of total GHG emissions (in CO2-eq), respectively.6
Figure 1‑2 shows that the transport sector accounted for 7.0 Gt CO2-eq in 2010.
International and domestic aviation emitted 0.46 Gt and 0.29 Gt CO2-eq yr-1 in 2010,
representing 1.5% of global GHG emissions.8 The GHG emissions allocated to the
aviation industry mainly include CO2 emissions from the combustion of jet fuel,
particularly because upstream emissions from oil extraction and jet fuel production
are allocated to the energy sector. Although short-lived emission species are not
covered by the Kyoto Protocol (particularly aerosols, water vapor, and NOx), their share
in the overall climate impact of aviation is estimated to be 2-5 times larger than CO2
combustion emissions.9,10 The share of anthropogenic radiative forcing attributed to
the aviation industry in 2005 was estimated at 3.5% (1.3-10%, 5-95th percentile) or 4.9%
(2-14%, 5-95th percentile) if cirrus cloud enhancement effects are included.9

Figure 1‑2: Global GHG emission in 2010 by sector, based on the fifth assessment report of the IPCC. 6,8
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Due to rapid growth of the aviation industry, GHG emissions are projected to increase
3.6- to 6.2-fold by 2050 relative to 2010 (Figure 1‑3). These growth rates substantially
exceed the 1.7-fold increase expected for the transport sector as a whole.8,11 Nonetheless,
international aviation was not included in the Paris Agreement, because its emissions
are not attributed to any nation. Instead, the aviation industry, represented by airlines,
manufacturers, air navigation service providers and airports, proposed a voluntary
industry target to cap emissions by 2020 (‘carbon-neutral growth’) and halve emissions
by 2050 relative to 2005.12 The 2050 target is approximately in line with the RCP 2.6
emission pathway in which aviation’s share in global GHG emissions remains constant
from 2015 onwards. However, the RCP 2.6 emission pathway requires that emissions
start declining in the coming decade.

Figure 1‑3: Projection of combustion emissions from the global aviation industry, based on projections of
the Group on International Aviation and Climate Change (GIACC).11 The Modelling and Database Task Force
(MODTF) scenarios use a central traffic forecast and vary in the extent of operational and fuel efficiency
improvements. The actual emission estimates for 2010 were taken from the fifth assessment report of the
IPCC8. Others were calculated based on reported global jet fuel use in 201213 and 201514. The RCP 2.6 trajectory
describes a constant share of global aviation emissions in 2015 (1.9%) in an RCP 2.6 emission pathway.15

Although efficiency gains and operational improvements are estimated to reduce GHG
emissions significantly, the emission gap between projected and targeted CO2 emissions
grows to 2.2-2.5 Gt CO2-eq yr-1 by 2050 (Figure 1‑3). The advent of propulsion methods
with a lower carbon intensity should cover the remaining emission gap. However, the
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aviation industry has limited options to decarbonize its activities compared to other
sectors such as road transport or the power sector. To avoid a costly global transition,
sustainable alternatives should be compatible with current aircraft design and fueling
infrastructure, which is tailored to hydrocarbon fuels from fossil origin. Moreover, the
urgency of the climate change mitigation requires a readily available alternative.
Renewable jet fuel (RJF), a liquid hydrocarbon fuel produced from renewable resources,
is considered the only low-carbon alternative which complies with these criteria.16–18 The
development of electric or hybrid aircraft has potential to provide a low-cost solution
to environmental and noise concerns (especially for short-haul flights). However, these
solutions have limited short-term potential to reduce GHG emissions of the aviation
industry, as the technology is still in its infancy and depends on advancements in
electric engines, battery power storage, and fast-charging technologies.19
The general assembly of the International Civil Aviation Organization (ICAO) recently
agreed to implement a Carbon Offsetting and Reduction Scheme for International
Aviation (CORSIA).20 CORSIA requires airlines to purchase carbon offsets from 2020
onwards to comply with the industry target of carbon-neutral growth. Despite its
potential to achieve short-term emission reductions, it is commonly acknowledged
that CORSIA is a temporary gap filler and should not come at the expense of structural
solutions, such as the introduction of RJF.17,20–23

1.3
Renewable jet fuel as a means to reduce the climate impact
of aviation
RJF can be produced from biomass or CO2. Although the production of RJF from CO2 is
promising, the technology is still relatively immature compared to bio-based RJF and
depends on abundant supply of cheap renewable electricity. 24 As this thesis focuses on
short-term options, ‘RJF’ thus refers to bio-based RJF.
The dominant fossil jet fuel used in the aviation industry is Jet A/A-1, a mixture of
petroleum-derived hydrocarbons with stringent requirements on, amongst others,
volumetric energy density, thermal stability, freeze point and viscosity. 25 As a full
substitute for Jet A/A-1, RJF is subject to more stringent quality criteria than biofuels
produced for the road transport sector (e.g. ethanol or esterified biodiesel) to ensure
compatibility with existing infrastructure and adequate performance in extreme
conditions (e.g. high altitudes). To guarantee the performance of RJF, a comprehensive
certification procedure, facilitated by the American Society for Testing and Materials
(ASTM), is mandatory before new conversion pathways (feedstock-technology
combinations) for RJF production can be used in commercial aircraft. ASTM certification
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is a lengthy process, which may take several years to complete. Various RJF conversion
pathways are approved by ASTM, while several others are currently being reviewed
(section 1.4.1).12,17
Since the first type of RJF was certified in 2009, the technical feasibility of using RJF in
aircraft and airport infrastructure has been demonstrated on numerous occasions.12,17
There is an increasing number of airlines and airports expressing interest in RJF in the
form of engagement in supply chain projects, long-term off-take agreements with RJF
producers and/or equity investments in technology providers.12,17 Moreover, several
airlines have become a member of the Sustainable Aviation Fuel Users Group (SAFUG),
which commits itself to using RJFs which do not compete with food supply, positively
affect socio-economic conditions, and significantly reduce GHG emissions. 26 The first
and only factory to date producing RJF on a continuous basis was commissioned in
2016 in the US, producing roughly 5 PJ yr-1 (120 kt yr-1) of RJF and renewable diesel.27
Although the commissioning of this facility is a clear milestone for the RJF industry, it
represents a tiny share of the current global annual jet fuel consumption of 12 EJ yr-1
(280 Mt yr-1).14

1.4

Research gaps

Despite the proven technical feasibility of RJF production and use, the market for
RJF is yet to take off. The climate change mitigation value of RJF for the aviation
industry is the product of its supply potential and climate impact relative to fossil
jet fuel. At this moment, the supply potential of RJF is largely constrained by high
production costs and the absence of adequate incentives. At present, production costs
of RJF are 2-3 times higher than fossil jet fuel. 21 This price gap poses a barrier to the
commercialization of RJF, as airlines lack the financial resources or appetite to cover it,
while current government incentives are either absent or inadequate.18,28,29 Moreover,
individual airlines or national governments are hesitant to act due to the international
and competitive character of the sector.
This thesis addresses the production cost, climate impact and future supply of RJF,
which will largely determine the contribution of RJF to reducing the climate impact
of the aviation industry. The following subsections outline the status of knowledge on
these topics and discuss the research gaps which this thesis intends to cover.

1.4.1 The production costs of renewable jet fuels
Multiple conversion technologies can convert biomass to RJF (Box 1). Current
production of RJF is dominated by the Hydroprocessed Esters and Fatty Acids (HEFA)
technology, which converts oils and fats into diesel, naphtha, and, optionally, jet fuel. 30
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Figure 1‑4 shows the HEFA technology is currently the only technology with a Fuel
Readiness Level (FRL) 9, meaning it is commercialized and ASTM certified. However,
its potential is constrained by the supply of sustainable oils and fats. Technologies
able to produce RJF from sustainable, more abundantly available (lignocellulosic)
feedstocks include Fischer-Tropsch (FT), direct sugars to hydrocarbons (DSHC)a,
Alcohol-to-Jet (ATJ), pyrolysis and hydrothermal liquefaction (HTL). FT, DSHC and ATJ
are ASTM certified (FRL 7), but have not reached the commercialization stage yet. HTL
and pyrolysis are currently at pilot/demonstration scale (FRL 4-6) and are yet to obtain
ASTM certification.

Figure 1‑4: Renewable jet fuel conversion pathways on the CAAFI Fuel Readiness Level (FRL) scale, adapted
from Mawhood et al.28
Box 1: Overview of RJF conversion pathways.

RJF conversion pathways, adapted from De Jong et al.31
Biomass-based RJF can be produced from any carbon-rich feedstock, including
oils (e.g. vegetable oil crops and waste oils), lignocellulosic feedstocks (e.g.
agricultural and forestry residues), and sugar/starch crops (Figure 1‑5). The
conversion pathways can be subdivided into thermochemical and biochemical
pathways, or a combination of both. Thermochemical pathways comprise, inter
a

DSHC is also referred to as synthesized iso-paraffinic (SIP) fuels.
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alia, Fischer-Tropsch (FT) synthesis, Hydroprocessed Esters and Fatty Acids (HEFA),
pyrolysis and hydrothermal liquefaction (HTL). These technologies employ
elevated temperatures and/or pressures to convert biomass to a mixture of
paraffinic and/or aromatic hydrocarbons. Biochemical pathways utilize microorganisms, enzymes or bacteria to convert biomass to specific molecules, such
as ethanol, butanol or farnesene. Biochemical pathways often require further
(thermochemical) processing steps to produce RJF. Most RJF types do not contain
the entire range of chemical compounds present in fossil jet fuel and require
blending with fossil fuels to meet all quality requirements (e.g. HEFA jet fuel can be
blended up to 50%). The figure below is not exhaustive; RJF can also be produced
using other feedstock-technology combinations, such as aqueous phase reforming
or pathways producing synthetic RJF from CO2, H2 and (renewable) electricity.

Figure 1‑5: Overview of RJF conversion pathways.31

Over the recent years, various studies have analyzed the techno-economic performance
of RJF conversion pathways (particularly focused on HEFA).30,32–36 However, several
factors impede a clear view on the current and future production costs of RJF production.
First, an inter-study comparison of RJF production systems is a delicate exercise due
to diverging methods, input data, and temporal and geographical scope. Second,
current analyses generally rely on nth plant estimates (i.e. as if the technology were
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already mature and deployed at commercial scale), whereas RJF production systems
vary widely in terms of technology maturity level. Third, there is limited knowledge
on how production costs for the various RJF conversion pathways may develop over
time, especially in relation to their technological learning potential, the scope for cost
reduction by optimizing supply chain design, and the impact of competing demand
for biomass from other sectors (e.g. road transport biofuels or the forestry industry).
This thesis aims to fill these research gaps by conducting multiple analyses. First,
it uses established methods to quantify and consistently compare the technoeconomic performance of RJF conversion technologies. This thesis primarily focuses
on technologies which were certified or under review by the ASTM in 2014, which
include HEFA, FT, pyrolysis, HTL, ATJ and DSHC (Box 1). These methods were adjusted
to incorporate technological immaturity and estimate the merits of co-production
strategies with other sectors. Second, a cost optimization model was developed
to show how optimizing supply chain design may reduce production costs. Third, it
integrates RJF production technologies in a European bioenergy system model to
analyze how production costs may develop over time when explicitly considering
technological learning and the interaction with other bioenergy sectors. As such, this
thesis intends to be the first to give a broad view on the production costs of RJF in the
short (2020) and medium term (2030).

1.4.2 The climate impact of renewable jet fuels
The climate impact of RJF in this thesis is confined to the climate impact from wellmixed GHGs (CO2, CH4 and N2O), as the primary rationale for RJF relies on reducing
GHG emissions. The scope of this thesis thus excludes other climate forcers which may
alter to climate impact of RJF relative to fossil jet fuel, including surface albedo, surface
roughness and evapotranspiration (associated with feedstock cultivation), as well as
additional emissions species such as sulfates, soot, NOx and H2O emissions (associated
with jet fuel combustion).37–41 It also excludes other environmental and socio-economic
sustainability indicators that may apply to RJF production, such local air quality,
eutrophication, ozone depletion, land use, food security, human rights, etc.24
The climate impact of RJF is often quantified based on a GHG life-cycle assessment
(GHG-LCA), which systematically sums GHG emissions during the production life-cycle
including feedstock cultivation, upstream and downstream logistics, conversion and
jet fuel combustion. 39,42,43 The feedstock cultivation stage is an important determinant
of GHG-LCA results. Whereas carbon sequestration during biomass growth provides
net negative GHG emissions, biomass cultivation may also cause direct land use
change (LUC) emissions due to vegetation clearing, reduction of carbon storage in
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carbon pools or indirect emissions through market-mediated mechanisms.44–47 Indirect
LUC is a prominent example of a market-mediated effect, whereby biomass cultivation
induces direct LUC emissions elsewhere (e.g. by increasing commodity prices). The
contribution of emissions from logistics is usually low, especially when the biomass is
locally sourced. GHG emissions in the production stage are generally positive, due to
the use of utilities (e.g. electricity, hydrogen, steam) and carbon losses in the production
process (often emitted as biogenic CO2). A notable exception includes the use of
carbon capture and storage during the conversion stage, which stores produced CO2
in the ground. GHG emissions from combustion are significant and mainly involve CO2
emissions. The sum of biogenic CO2 emissions from biomass/biofuel combustion and
carbon loss is often equated to sequestered CO2 emissions during feedstock growth
under the assumption of ‘carbon neutrality’ over the life-cycle of the project. However,
this assumption is widely debated as there may be a time lag between the emission
and sequestration of carbon (‘carbon debt’), especially for long-rotational feedstock
such as forestry biomass.48
Several studies have addressed the life-cycle GHG reduction of RJF production
systems34,39,43,49–53 A comparison of the results is challenging due to diverging methods
and input data, while system comparison is inherently affected by the choice of coproduct allocation procedure.44,49,54,55 This thesis quantifies and consistently compares
the GHG emission performance of the RJF production systems mentioned in section
1.4.1. It further analyzes the impact of different allocation procedures and identifies
measures to improve the GHG emission performance of RJF.
GHG-LCA is a useful tool to quantify life-cycle GHG reductions of bioenergy processes
and identify opportunities for process improvement. However, the approach is not
suited to incorporate the time-dependent character of emissions associated with
LUC and carbon debt. The timing of GHG emissions and sequestration is important
because the climate impact of GHGs increases with the atmospheric residence time.56–
61
Moreover, the climate impact of GHG emissions is affected by the choice of climate
impact category, as the impact categories GHG concentration, radiative forcing and
temperature change exhibit different temporal responses to GHG emissions and
GHG species.59–62 In this thesis, a dynamic performance indicator, the Relative Climate
Impact (RCI), is defined to better quantify and compare the climate impact of bioenergy
production systems. To the best of our knowledge, the RCI is the first performance
indicator that incorporates time-dependent emission profiles, while offering the
flexibility to compare the performance of systems for different impact categories.
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1.4.3 The future supply of renewable jet fuels
The future supply of RJF depends on a combination of internal factors, associated
with the production costs and climate impact of RJF, and external factors, such as
the availability of (low-cost) sustainable feedstocks, the commercialization of new
conversion technologies, policy developments and oil price dynamics.18,28 Vice versa,
increasing RJF volumes will also impact other bio-based sectors, which compete over
the same feedstock base, production capacity and policy incentives.
The theoretical potential of biomass is limited by biophysical conditions such as
climate, soil type and solar irradiation. The technical potential is further constrained
by technical limits on biomass collection, competing demand for food, fiber, fodder
and forest products, and land area required for human infrastructure. 24 The sustainable
potential also considers restrictions associated with nature conservation and soil, water
and biodiversity preservation.24 The sustainable biomass potential is subject to large
uncertainties and depends on social, political and economic developments.63 Global
biomass use equals approximately 50 EJprimary yr-1 in 2010. It was estimated that the
sustainable technical biomass potential in 2050 ranges between 100 and 300 EJprimary
yr-1, depending on different views on sustainability and socio-ecological constraints.63
The consumption of biomass for energy purposes was projected at 40-55 EJfinal yr-1 by
2050 and mainly depends on biomass cost, biomass supply and the climate change
mitigation ambition. Moreover, the availability of bioenergy technologies able to
convert the diverse types of biomass is key to unlock the full biomass potential. The
biomass resource is not only exclusively available to the aviation industry, whose
combined final energy use was projected to increase from 12 EJfinal yr-1 in 2015 to 31
EJfinal yr-1 in 205011; the resource will need to be shared with other end-use sectors, such
as road transport, marine transport, power, heat and chemicals. Unlike aviation, many
of these sectors have alternative climate change mitigation options. However, the
ability of aviation to secure biomass feedstocks, its impact on other sectors, and the
desirability thereof will be important determinants for the future role of RJF.
Besides biomass supply, the future deployment of RJF highly depends on the
mechanisms to cover the cost differential between RJF and fossil jet fuel.18 Given the
limited ability or willingness of the aviation industry to cover the differential, policy
incentives will be essential for the future supply of RJF in the short and medium term.
Most jurisdictions currently do not have specific policy instruments to incentivize RJF.
The EU Renewable Energy Directive I (RED-I)64 and US Renewable Fuel Standard 2
(RFS2)65, two important renewable energy policies, allow RJF to be counted towards
biofuel targets for the road transport sector (Box 2). Although this voluntary opt-in
for aviation creates a level playing field for road and aviation biofuels, it has not led
to a significant increase in RJF production. This is presumably caused by the fact that
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RJF is associated with smaller production scales, higher quality requirements and
fewer additional (tax) incentives, compared to road transport biofuels. The additional
incentives for RJF in the proposed RED-II (the successor of the RED-I) will likely change
the attractiveness of RJF production.
Box 2: Policy incentives for RJF in the EU and US

The EU Renewable Energy Directive (RED) and US Renewable Fuel Standard
(RFS)
The EU RED and US RFS are two important regional renewable energy policies using
targets or mandates to establish a guaranteed demand for biofuels. The US RFS2
requires the use of 136 billion L yr-1 of renewable fuels in transport by 2022, of which
lignocellulosic biofuels comprise 61 billion L. Although RJF can count towards the
biofuel mandate, the incentive has led to limited RJF consumption to date (5.9
kt in 2016 and 5.2 kt in 2017).66 The RED-I establishes a target of 20% renewable
energy in the EU in 2020, of which half should be used in the transport sector.67
Since 201564, member states are allowed to count RJF towards the renewable
energy targets (although aviation is not an obligated party). However, few member
states have explicitly adopted this in national legislation. 29 Recently, the European
Commission published a proposal for the successor of the RED-I, the ‘RED-II’, which
aims to increase the share of renewable energy sources to 27% by 2030.68 The REDII establishes targets for renewable transport fuels (excluding food-based biofuels)
of 6.8% of total energy use in the road and rail sector by 2030. It also contains a
sub-target for advanced biofuels, which should represent 3.6% of total energy use
in the road and rail sector by 2030. Whereas aviation is not an obliged party, it
is proposed that RJF may count 1.2 times its energy content towards the biofuel
targets. This multiplier mechanism creates a ‘tilted’ playing field (as opposed to a
level playing field) aiming to stimulate biofuel uptake in sectors which lack clear
renewable options and cover higher production costs that may exist in these
sectors. Final approval of the RED-II is expected in late 2018.

Several authors have estimated the future supply of RJF based on biomass supply69,
production cost developments25, and planned production capacity70,71. However, few
studies have quantified the future supply of RJF in explicit recognition of the context
in which RJF is embedded. This thesis uses an integrated bioenergy system model
to provide quantified projections of the future supply of RJF in the EU, given the
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anticipated regulatory context, availability of biomass and conversion technologies,
and competing biomass demand from other sectors (i.e. transport, heat, power and
chemicals). It further models the impact of RJF production on other bioenergy sectors.
As such, this thesis intends to present an integrated view on the pre-conditions and
implications of the emergence of RJF.

1.5

Thesis objectives and research questions

The first objective of this thesis is to quantify the cost and climate impact relative to
fossil jet fuel for a wide range of RJF conversion pathways. The second objective of this
thesis is to quantify the supply of RJF and the associated GHG emission reductions in the
EU towards 2030. These objectives are addressed by the following research questions:
I.

What are the production costs of renewable jet fuels compared to fossil jet fuel
in the short (2020) and medium term (2030)?

II.

What is the climate impact from CO2, CH4 and N2O emissions of renewable jet
fuel production systems compared to fossil jet fuel and how can it be improved?

III.

What is the contribution of renewable jet fuel to reducing aviation-related
greenhouse gas emissions in the EU towards 2030 and how is its contribution
affected by policy incentives, technological progress, biomass supply and
competing biomass demand?

These questions will be addressed in the various chapters of this thesis (Table 1‑1)
within a confined geographical and temporal scope. The geographical scope of
this thesis is primarily constrained to the EU, but also evaluates the performance of
production systems in the US and Brazil, as these are important production locations
of and markets for biofuels.72 The temporal scope of this thesis is confined to the short
(2020) and medium term (2030). This implies that the scope of conversion pathways
contains feedstocks that are currently available (e.g. excluding algae) and technologies
which were certified or under review by the ASTM in 2014 (see Box 1).
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Table 1‑1: Overview of the thesis chapters and their relation to the research questions.
Chapter

Research question
I

II

III

Life-cycle analysis of greenhouse gas emissions from renewable jet fuel
production

•

•

5

Using the Relative Climate Impact performance indicator to quantify the
climate impact of bioenergy production systems

•

•

6

Renewable jet fuel supply scenarios in the European Union in 2021-2030 in
the context of proposed biofuel policy and competing biomass demand

2

The feasibility of short-term production strategies for renewable jet fuels – •
A comprehensive techno-economic comparison

3

Cost optimization of biofuel production – The impact of scale, integration,
transport and supply chain configurations

4

1.6

•

•

•

Thesis outline

Chapter 2 examines the techno-economic performance of various RJF conversion
pathways. The assessment compares the cost of an nth plant and a first-of-a-kind plant.
Furthermore, a new approach is introduced to quantify the merits of co-production
strategies, which is applied to RJF production alongside existing supply chains in the
pulp, wheat ethanol, and beet sugar industries in Europe. A sensitivity analysis was
performed to explore the impact of uncertainties in investment cost, yield, feedstock
price and hydrogen consumption.
Chapter 3 introduces a geographically-explicit cost optimization model to analyze
the impact of and interrelation between four cost reduction strategies for biofuel
production: economies of scale, intermodal transport, integration with existing
industries, and distributed supply chain configurations (i.e. supply chains with an
intermediate pre-treatment step to reduce biomass transport cost). The model was
applied to a biofuel supply chain based on HTL in the context of the existing Swedish
forestry industry.
Chapter 4 presents a life-cycle assessment of the well-to-wake GHG emissions of
various RJF conversion pathways using the Greenhouse gases, Regulated Emissions
and Energy use in Transportation (GREET) tool. The analysis examines the impact of
key uncertainties and alternative hydrogen production methods. Furthermore, it
explores how different co-product allocation methods affect the results. The findings
of this study are related to the calculation of GHG emission reductions of RJF in CORSIA,
as such scheme will require a global meta-standard to quantify the life-cycle GHG
emissions of RJF conversion pathways.
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Chapter 5 expands on Chapter 4 by introducing a novel time-dependent performance
indicator, the Relative Climate Impact (RCI), to quantify and compare the climate
impact of bioenergy systems relative to their fossil counterpart. The RCI incorporates
the impact of emission timing while offering the flexibility to alter the climate impact
category, time horizon and equivalency metric. The RCI is calculated for various
bioenergy production contexts to examine the interaction between emission profiles
and the choice of impact category.
Chapter 6 incorporates RJF in the RESolve-Biomass model to study its emergence in
the context of competing biomass demand from the power, heat, transport fuels (road
and marine) and chemicals sector. Scenario analysis and sensitivity analyses are used
to study the effect of biomass supply, technology development, fossil jet fuel prices
and biofuel policies on the supply of RJF in the EU towards 2030. It also explores the
associated feedstock-technology portfolio, system cost, GHG emission reductions and
impact on the wider bio-based economy.
Chapter 7 synthesizes the main findings from Chapter 2-6 and provides answers to the
research questions.
Chapter 8 presents the conclusions of this thesis and lists key pre-conditions for the
widespread use of RJF. It also provides recommendations for policy makers, the aviation
industry and further research.
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Abstract
This study compares the short-term economic feasibility of six conversion pathways
for renewable jet fuel (RJF) production. The assessment combines i) a harmonized
techno-economic analysis of conversion pathways expected to be certified for use
in commercial aviation by 2020, ii) a pioneer plant analysis taking into account
technological immaturity, and iii) a quantified assessment of the merits of co-producing
RJF alongside existing European supply chains in the pulp, wheat ethanol and beet
sugar industries. None of the pathways assessed are able to reach price parity with
petroleum-derived jet fuel in the short term. The pioneer plant analysis suggests that
the Hydroprocessed Esters and Fatty Acids (HEFA) pathway is currently the best option;
the technology achieves the lowest minimum fuel selling price (MFSP) of 29.3 € GJ-1
(1289 € t-1) and the technology is deployed on commercial scale already. In the short
term, nth plant analysis shows Hydrothermal liquefaction (HTL) and Pyrolysis emerging
as promising alternatives, yielding MFSPs of 21.4 € GJ-1 (939 € t-1) and 30.2 € GJ-1 (1326
€ t-1) respectively. The pioneer plant analysis shows considerable MFSP increases for
producing drop-in fuels using HTL and pyrolysis as both technologies are relatively
immature. Hence, further RD&D efforts into these pathways are recommended. Coproduction strategies decrease the MFSP by 4-8% compared to greenfield production.
Integration of process units and material and energy flows is expected to lead to further
cost reductions. As such, co-production can be a particularly useful strategy to get
emerging technologies to commercial scale.
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Introduction

The aviation industry is responsible for 2-3% of global anthropogenic greenhouse gas
(GHG) emissions.29,73,74 To lower the industry’s environmental impact, the Air Transport
Action Group (ATAG) has set targets to cap net emissions from 2020 onwards and reduce
net carbon emissions by 50% by 2050 (relative to 2005 levels).75 The introduction of
renewable jet fuel (RJF), a drop-in alternative to fossil jet fuel derived from biomass, is
expected to make the most important contribution to reaching this target.75
To date production volumes of RJF have been negligible, owing to low demand as a
result of high prices. In 2013, batches of RJF were about two to three times as expensive
as petroleum-derived jet fuel.21 Most commercial flights on RJF have been powered by
fuels produced using the Hydroprocessed Esters and Fatty Acids (HEFA) technology,
which converts oils and fats to hydrocarbons in the jet and diesel range. This technology
has been demonstrated on a commercial scale, primarily for diesel production. 30
However, the high price and limited availability of sustainable oil feedstocks are major
challenges that constrain the ramp-up of HEFA RJF production volumes.76,77 Therefore,
there is a need to develop new RJF conversion pathways that can bridge the existing
price premium and enable large-scale production. These pathways should make use
of feedstocks that are abundantly available, have a low economic value, and do not
compete with food production, such as forestry residues, agricultural residues or
municipal solid waste. A comparative techno-economic analysis of such emerging
pathways can aid in formulating a strategy for the development of RJF.
Techno-economic analyses of RJF conversion pathways are widely available.16,30,32–36,78–82
However, several factors impede a comprehensive assessment of the short-term
economic feasibility of RJF production. First, the majority of existing analyses are
limited to conversion pathways that have already received the mandatory technical
certification from the American Society for Testing and Materials (ASTM), thus
omitting the technologies that are expected to receive certification in the coming
years. Second, fair comparison of techno-economic studies is a delicate exercise due
to different input assumptions, economic evaluation metrics, temporal scales and
geographical locations. Third, current analyses generally rely on nth plant estimates,
which present techno-economic performance as if the technology were already
mature and deployed at commercial scale. Historically, nth plant estimates have tended
to underestimate capital cost and overestimate plant performance as compared to
actual values observed for first-of-a-kind plants.83,84 Since RJF production is a nascent
industry and many first commercials of the respective technologies still need to be
built, a pioneer (i.e. first-of-a-kind) plant estimate seems more appropriate to assess the
current economic feasibility of RJF production pathways. Last, most analyses evaluate
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greenfield production only, while co-production strategies (e.g. adding ‘bolt-on’ units
or co-locating additional units adjacent to existing production plants) have been
argued to yield cost reductions and reduce investment risks, particularly for emerging
technologies in cellulosic biofuel production (e.g. the plants operated by POET-DSM
(Emmetsburg) and Raizen (Costa Pinto)).83,85–89
This paper aims to assess the short-term economic feasibility of RJF production.
Therefore, it presents i) a harmonized techno-economic comparison of conversion
pathways which are expected to be ASTM certified for use in aviation before 2020,
ii) a pioneer plant analysis to translate the nth plant results to pioneer plant results in
order to reflect the current state of play, and iii) a quantified assessment of the potential
economic merits of co-production strategies for RJF production in the EU-28.

2.2

Methods and data collection

This study employs a harmonized techno-economic framework based on existing
process modelling data to compare RJF conversion pathways. The following sections
provide an overview of the conversion pathway scoping procedure (section 2.2.1), a
literature survey (section 2.2.2), the techno-economic framework and data collection
process (section 2.2.3), and the adjustments made to the base model to assess pioneer
plants and co-production strategies (section 2.2.5 and 2.2.6). More information
regarding methods and input assumptions can be found in the supplementary
information.

2.2.1 Conversion pathway selection
For the purpose of this analysis, the term ‘conversion pathway’ describes a technology
and feedstock combination, which is further characterized by its ‘degree of integration’
with existing plants (hereafter referred to as ‘incubator facilities’). Since ASTM
certification is mandatory before fuel can be used in commercial aircraft and the
certification process takes several years to complete, the current scope only includes
certified technologies or technologies under review, namely: Hydroprocessed Esters
and Fatty Acids (HEFA), Fischer-Tropsch (FT), Hydrothermal Liquefaction (HTL), pyrolysis,
Alcohol-to-Jet (ATJ) and Direct Sugars to Hydrocarbons (DSHC).90 ba
In line with the aviation industry’s commitment to use non-food feedstocks only, wheat
straw and forestry residues were considered for FT, HTL, pyrolysis, ATJ and DSHC; used
cooking oil was used for HEFA.26 Existing plants in the pulp and paper, wheat ethanol
and beet sugar industries were selected as incubator facilities, since these industries
b
RJF produced by the HEFA pathway are also commonly referred to as Hydrotreated Renewable Jet (HRJ). Fuels
produced by the DSHC pathway are also commonly referred to as Synthesized Iso-Paraffinic (SIP) fuels.
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Figure 2‑1: A visualization of different degrees of integration. This image serves as a schematic example of
possible co-production strategies. In some cases a co-production strategy might, for example, also require
additional service or storage facilities (adapted from Ereev & Patel102).

show substantial accumulation of residues along their supply chain and have a wealth
of experience with biomass logistics and conversion. Residues produced in the beet
sugar industry (i.e. A-molasses and unpressed beet pulp) and pulp and paper industry
(i.e. black liquor and hog fuel) were also included as feedstocks for the conversion
pathways involving co-production.
Four ‘degrees of integration’ between industrial processes can be discerned in the
literature: greenfield, co-locating, retro-fitting and repurposing. The latter three are
referred to as examples of ‘co-production strategies’ (Figure 2‑1). As these terms are
often used interchangeably, definitions are provided below:
•

Greenfield strategies involve building a stand-alone facility at a new industrial site.

•

Co-locating strategies involve installing a separate entity adjacent to an existing
facility which uses part of the feedstock, feedstock infrastructure and/or utilities
of the existing facility (i.e. producing B alongside A without changing the existing
production line).91–93

•

Retro-fitting strategies involves altering the current production line of an existing
facility (e.g. adding a ‘bolt-on’ unit), such that by-products or unutilized components
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of the feedstock can be used for alternative purposes (i.e. producing B alongside A
by altering the existing production line);93–99
•

Repurposing strategies involve adjusting the production process of an existing
(mothballed) facility to produce a different output (i.e. producing B instead of
A).85,100,101

Based on these definitions and possible feedstock-technology combinations, ten
greenfield, three retro-fitting and nine co-locating strategies were selected (Figure
2‑2). All the co-locating strategies were also evaluated on a greenfield basis. The retrofitting strategies were not evaluated on a greenfield basis, as these strategies require
integration by definition. No repurposing strategies were considered.

Figure 2‑2: Feedstock-technology combinations in the current scope.

2.2.2 Literature survey
A literature survey was conducted to investigate the ranges of key technology-specific
assumptions for RJF production pathways. The survey compared estimates of total
capital investment (TCI) and yield from techno-economic studies of RJF production,
published between 2005 and 2015. Studies examining drop-in diesel production were
also included, because of the limited availability of RJF studies and specifications of
both products being reasonably similar. Also, data from three operational HEFA plants
and one lignocellulosic ethanol plant were included.
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The TCI was normalized to €2013 or US$2013 using the Chemical Engineering Plant Cost Index
(CEPCI).103,104 US$2013 were converted to €2013 using the average euro-dollar exchange
rate in 2013 (0.753 € $-1). To allow for a comparison across conversion pathways, output
capacities were normalized to 500 or 1000 t (metric tonne) hydrocarbon product output
per day (hydrocarbon products include jet fuel, diesel, naphtha, gasoline, liquefied
petroleum gas (LPG) and propane).ca The following general scaling equation was used
with a scaling factor of 0.6.102,105,106

Table 2‑1 shows a considerable range in TCI and yield estimates for the pathways in
scope, particularly for HEFA, FT and pyrolysis. It also illustrates the uncertainty regarding
process performance and cost estimates. Furthermore, the survey showed that data
availability for black liquor gasification (BLG), HTL, ATJ, sugar extraction and DSHC is
relatively limited. This impedes a solid comparison and increases the uncertainty
surrounding the performance of these technologies.
Variation in TCI and yield originated primarily from differences in process design and
uncertainties in parameter estimates. For most pathways, the largest yields variations
were caused by different process designs. For instance, yields for pyrolysis were
considerably lower when biomass or part of the intermediate product (bio-crude)
was used for hydrogen production.112,118 Modest yield reductions for fermentation
pathways including on-site enzyme production were caused by partial diversion
of the hydrolysate to the seed reactor.122,125 For HEFA, the Ecofining process utilizes
increased cracking requirements to produce RJF, thereby also producing more lighter
components.30 A broader range of FT yields was observed amongst the sample (Δ =
0.09 t t-1) than within individual comparative studies with different gasifier designs (Δ =
0.04 t t-1), suggesting study assumptions have a larger impact on the yield than gasifier
type.
On-site production of hydrogen or enzymes (for fermentation) and bio-crude
upgrading (for pyrolysis and HTL) all lead to TCI increases, but also reduce operational
expenditure (OPEX). Zhu et al. calculated that on-site hydrogen production is
economically favorable when prices are above 1.39 €2013 kg-1 hydrogen.107 FT process
designs including an entrained flow gasifier were generally associated with higher TCI
than those assuming a fluidized bed gasifier. A clear relation between feedstock type
and yield did not emerge from this survey.
c
It must be noted that scaling based on output instead of input favors the TCI of studies reporting high yields. In
addition, the choice of scaling factor and normalized capacity size affects the TCI range.
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Normalized
output
capacityi

M€2013

TCI at
normalized
capacity

36,80,107–113

Table 2‑1: Process characterization for each conversion pathway including reported TCI and yield ranges (see S2.7).

t day-1 fuel
product
(MW output)

327 – 1186

114,115

107,116

Ref.

t t-1 (dm)

500 (254)

330 – 722

273 – 513

Massiii

0.13 - 0.22

500 (254)

Non-hydrocarbon Yield
co-products
Energyii

0.40-0.53

0.13

Key process design
variations

Electricity

0.65-0.70

500 (254)

GJ GJ -1

No

Electricity/steam

0.18 - 0.36

107,112,117–120

Hydrogen for
upgrading
required

No

0.64

156 – 482

Unit

Gasification
+ FT

Yes

500 (254)

Gasifier type, syngas
cleaning technology

Black liquor
Gasifier type, syngas
gasification + FT cleaning technology
HTL

0.16 - 0.36

89,112,122–125

0.63-0.77

215 – 426

35

Yes

500 (156)

292

123

On/ex-site upgrading,
on/ex-site hydrogen
generation

0.20 - 0.33

500 (254)

206

Pyrolysis

0.49

0.17

1000 (165)

68 – 7236,121

0.50v

0.59

30,33,35,126–128

500 (254)

0.51

200 - 644

0.56121
Electricity

Electricity

1000 (254)

0.91v
No

Yes
No
Yes

0.75 - 0.83

Yes
Separate/simultaneous
saccharification, on/ex-site
enzyme production

Ecofining/Neste processiv

0.92v

On/ex-site upgrading,
on/ex-site hydrogen
generation

ATJ
Fermentation
(dilute acid)
DSHC
Sugar
extraction

The capacities were normalized to 500 or 1000 t day-1 output to avoid excessive scaling. As sugar extraction and HEFA have high mass yields, these were scaled to a higher output capacity.
The energy output (in MW) is calculated based on an average (non-weighted) energy density for gasoline, naphtha, diesel and jet fuel (43.85 GJ t-1). Energy densities for ethanol and sugars
are listed in S2.8. Additional useful outputs (e.g. electricity, steam, etc.) are not included in the output capacity.
When reported in the reference study, the efficiency from biomass and other inputs (e.g. hydrogen, natural gas) to fuel outputs and electricity was tabulated. Only efficiencies estimated
on lower heating value (LHV) basis were included.
The mass yield is defined as tonne (fuel) product output (i.e. jet fuel, diesel, gasoline and/or naphtha) per tonne dry matter (dm) feedstock input.
The processes differ in process design (UOP’s Ecofining process also includes isomerization besides hydrotreatment) and production flexibility to alter the RJF/diesel ratio in the product slate.
No energy yield data for these conversion pathways were available. Estimates are based on dividing the energy input from feedstock and additional hydrogen inputs by the energy output.

HEFA
i.

ii.
iii.
iv.
v.
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Uncertainty in the yield and TCI estimates also contributes to the observed ranges. Due
to limited publicly available data from commercial plants, the majority of yield and
total purchased equipment costs (TPEC) estimates in the literature are derived from
process modeling tools, pilot test data or cost curves from comparable industries (e.g.
petroleum industry) and, hence, come with uncertainties. Furthermore, the translation
from TPEC to TCI introduces additional uncertainties inherent to the factorial estimation
methods that are often employed to estimate costs for installation, piping, buildings,
service facilities, etc.109 As cost estimation methods are dissimilar in terms of cost items
and cost factors, different methods can arrive at other TCI estimates while starting
from the same TPEC. Moreover, ambiguity about what is included in reported TPEC
and consequent cost items impedes a transparent comparison.

2.2.3 Techno-economic model structure
The model structure as discussed in this section was used to assess the greenfield
nth plant performance for all conversion pathways. Nth plant economics are to be
interpreted as the (future) cost of the technology after several commercial plants have
been commissioned and the technology can be considered mature.120,123 The alterations
made to the base model to assess pioneer plants and co-production strategies are
discussed in sections 2.2.4 and 2.2.5.
2.2.3.1 Techno-economic framework
The techno-economic model was constructed according to the Standardized Cost
Estimation for New Technologies (SCENT) method developed by Ereev & Patel (see
S2.1).102 This method was preferred over others as it provides a transparent factorial
method to estimate full OPEX and total capital investment (TCI) by combining cost
estimation methods of, amongst others, Peters, Timmerhaus and West, Couper, and
Towler and Sinnott.105,106,129 This method has a claimed accuracy of ±30%.102
The fixed capital investment (FCI) was estimated from total purchased equipment cost
(TPEC)da using Lang factors (i.e. the ratio between TPEC and FCI) of 4.69, 4.77 and 4.86 for
high (>76M€), medium (8-76 M€) and low (<8M€) TPEC respectively. These Lang factors
are higher compared to the 4.28 as reported for solid-fluid plants in Peters, Timmerhaus
and West.106 The total capital investment (TCI) was computed by adding the required
working capital (assumed to be 5% of FCI) to the FCI. The OPEX was calculated from
mass balances and utility requirements, complemented with reported factors for other
OPEX cost items, such as maintenance and repairs (6% of FCI), local taxes (1.5% of FCI)
and insurance (1% of FCI).
d
In the literature, the term Total Purchased Equipment Cost (TPEC) is used ambiguously. Whereas delivery charges
are excluded from the TPEC in the SCENT method, Peters, Timmerhaus and West’s106 mehod includes delivery charges in
TPEC. As both methods estimate delivery charges at 10% of bare equipment costs, TPEC in one method could easily be
converted to the other method.
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Production and financing assumptions were harmonized across all technologies (Table
2‑2). A 80:20 debt-to-equity ratio was assumed with a discount rate of 10%. The average
EU corporate tax rate (22%) was used.130 Towler & Sinnott’s production start-up schedule
was deemed most appropriate for novel technologies (Table 2‑3).105

Table 2‑2: Financing and production assumptions.
Financing assumptions
Parameter

Value

Unit

Plant lifetime

25

yr

Depreciation period

10

yr

Rate of principal payments

15

yr

Debt-to-equity ratio

80:20

Interest rate on debt

8%

Corporate tax rate

22%

Discount rate35,107,117,123

10%

Depreciation schedule

Straight line

Production assumptions
Capacity factor

90%

Table 2‑3: Plant start-up schedule, adopted from Towler & Sinnott.105
Year

TCI schedule

Plant availability

-1

30% of fixed capital

0

0

50% of fixed capital

0

1

20% of fixed capital + working capital

30%

2

70%

3

100%

2.2.3.2 Data selection
Technology-specific mass balances, utility requirements and TPEC were retrieved from
reference process modelling studies focusing on RJF production. No studies targeting
RJF production could be identified for the FT, BLG, HTL and pyrolysis pathways. Instead,
studies tailored to diesel production were used, assuming that 25% of the produced
diesel consists of jet fuel-ranged hydrocarbons. As all process designs already include
a distillation column to separate the hydrocarbon products, no additional costs were
taken into account.
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Table 2‑4 shows the values for TPEC, TCI, yield and input capacity used in this study.
The selection of reference studies was based on i) the match with conversion pathway
configurations in the current scope and consistency in process design and ii) moderate
TCI and yield estimates relative to other studies where possible. More practically,
the source should have complete disclosure of TPEC, mass balances and utility
requirements to allow reproduction. The modelled HTL, pyrolysis and fermentation
pathways all include on-site hydrogen or enzyme production. The TCI estimate for
HEFA was based on the FCI from a commercial facility (Neste Oil’s Rotterdam plant) as
this was deemed more accurate. For ATJ, fermentation and sugar extraction, yield and
TPEC data were obtained from multiple sources to complete the dataset or allow for
feedstock flexibility. A sensitivity analysis was performed to quantify the impact of TCI
and yield ranges observed in the literature survey (section 2.4.1).
The TPEC was obtained from the reference studies or deduced from aggregate cost
items by subtracting the included cost components using the respective factors
for these as described in SCENT. Costs for general service facilities (e.g. wastewater
treatment) were systematically omitted from the TPEC, as these components are
already included in the SCENT framework.
Costs were actualized to €2013 using the same procedure as discussed in section 2.2.2.
In most cases the capacity of the reference study was used and no scaling was applied.
For beet pulp and molasses conversion, however, the input scale of all conversion units
was adjusted to fit the production of these feedstocks at the incubator facility. The
equipment for lignocellulosic sugar extraction was scaled to fit the fermentation unit
in the DSHC facility. The input of the ATJ conversion unit was scaled to fit the output
from the fermentation island. The input capacity of the black liquor gasification (BLG)
conversion facility was scaled to the capacity of the other thermochemical conversion
pathways (i.e. 454 MW), corresponding to a large European pulp mill (approximately
0.3 million tonne annual pulp production).136 Specific scaling factors were applied for
individual pieces of equipment when reported in the literature. Where no specific
scaling factors could be obtained, a scaling factor of 0.6 was used.102,105,106
2.2.3.3 Variable costs and revenues from by-products
Variable costs and revenues were determined by the quantities and prices of the
materials and utilities involved. Quantities were obtained from reported mass and
energy balances; prices were based on reported prices for feedstocks and quoted prices
for other raw materials (Table 2‑5 and S2.3). No price was assumed for hydrocarbon
products (i.e. RJF, diesel, gasoline, naphtha, LPG and propane) as their cost price is the
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Yieldv

Table 2‑4: Capacity, TPEC, TCI and yield values used in this study (see S2.2).
TPEC (TCIiv)

t t-1 (dm)

Key process design assumptions

Reference input
capacityiii

M€2013

0.17

Technology

t (dm) day-1 (MW)

96 (471)

Product
output(s)ii

2000 (454)

Gasification + FT

Feedstock
input(s)i

J, D, N

0.16vi

Unit

FR

0.11viii

Directly heated, oxygen-blown,
pressurized, fluidized bed gasifier

95 (384-394)vii

96 (471)

Ref.

107

114,131

2991 (454)

107

2178 (454)

0.36

J, D, G

89 (436)

J, D, N

2000 (454)

0.27

0.33vi

WS

J, D, G

102 (504)

89 (436)

Black liquor gasification
+ FT
FR

2000 (454)

2178 (454)

BL
BLG in a Chemrec gasifier and
biomass gasification (fluidized bed),
rectisol cleaning.

J, D, G

J, D, G

WS

FR

Molxi

Sug

BP

WS

FR

EtOH

WS

J, D, N, LPG, P 2500 (1042)

Sug

Sug

J, D, N

J, D, N

EtOH

EtOH

EtOH

J, G

J, D, G

2000 (417)

2000 (454)

1420 (153)

1420 (262)

2000 (288)

2000 (417)

2000 (454)

482 (150)

2178 (454)

133 (657)

69 (337)

69 (337)

42 (169-174) vii

42 (205)

46 (186-191) vii

74 (365)

71 (350)

10 (48)

102 (504)

0.83

0.48

0.52

0.09

0.17

0.40

0.22

0.24

0.56

0.25vi

123,132

36,81,121

123,124

35

UCO

120

FR

On-site upgrading, on-site
hydrogen generation
On-site upgrading, on-site
hydrogen generation

Separate saccharification, on-site
enzyme production

Ecofining & Neste processxiii

WS

HTL

Pyrolysis

ATJix
Fermentationx,xii

DSHC

Sugar extractionxii

HEFA30,128
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BL = Black liquor, hog fuel and forestry residues, BP = Beet pulp, EtOH = Ethanol, FR = Forestry residues, Mol = A-molasses,
Sug = C5 and C6 sugars, UCO = Used cooking oil, WS = Wheat straw.
D = Diesel, EtOH = Ethanol, G = gasoline, J = jet fuel, LPG = Liquefied Petroleum Gas, N = Naphtha, P = Propane.
Unlike Table 2‑1, the reference capacity is based on feedstock input.
The TPEC was retrieved from the indicated reference; the TCI is calculated from the TPEC using the SCENT method.
The mass yield is defined as tonne product output (i.e. jet fuel, diesel, gasoline, naphtha, LPG and/or propane) per tonne
dry feedstock input.
The yields of hydrocarbon products were adjusted on the basis of the lower heating value (LHV) of the feedstocks with
respect to the feedstock used in the source. See S2.8 for feedstock characteristics.
The range in TCI for retro-fit strategies is caused by the variation in construction labor costs in the country of production.
In addition, the TCI was calculated using a lower Lang factor because these are retro-fit strategies and therefore have a
reduction in capital cost, see also section 2.2.5.
The yield to FT liquids (0.13 t t-1 (dm)) was based on Consonni et al. (2009). It was assumed that the produced FT liquids
were upgraded in an existing refinery, yielding 0.62 tonne diesel and 0.22 tonne gasoline per tonne of FT liquids.131 The
2014 average of the NW European 2:1:1 crack spread (0.053 € L-1 crude oil) was taken as a measure of the refiner’s profit
margin for upgrading the FT liquid in an existing refinery.133
The TPEC was retrieved from Atsonios et al.36 The yields were taken from Crawford121 due to limited data disclosure in
Atsonios et al. Hydrogen requirements were based on Pham et al.81
TPEC were obtained from Humbird et al.123 As beet pulp has a low lignin content, no boiler was installed and a lower
sulfuric acid loading to break the lignin was assumed.134 Feedstock-specific sugar and ethanol yields were calculated
based on the glucan, xylan, arabinan, galactan and mannan content of forestry residues, straw and beet pulp. See the
S2.8 for feedstock characteristics. Conversion yields were based on the reported yields for dilute acid pretreatment of
lignocellulosic feedstocks and beet pulp.124,132 Moreover, feedstock-specific lignin contents were used as an approximation
of electricity production from the burnable components.135
It is assumed A molasses has a 55% sugar content.35
Concentrations of produced ethanol and sugar solutions were adjusted to fit the input requirements of ATJ and DSHC
conversion, also accounting for increased gas usage as a result of additional concentration activities.
The FCI was based on the Rotterdam Neste facility.128 Although hydrocarbon yields of the Ecofining and Neste process
are quite similar, Pearlson et al.’s study (using the Ecofining process) was selected due to data disclosure.30,126 For the HEFA
pathway, it was assumed that the Soybean oil used in Pearlson et al. has similar LHV, product yields and hydrogen input
requirements as filtered, de-watered used cooking oil.

targeted output of the model. Labor costs were determined using Wessel’s method
for well-instrumented processes.137 Average EU prices for electricity, natural gas prices,
operating and construction labor were retrieved from Eurostat.138–141
Table 2‑5: Assumed feedstock prices for greenfield strategies.
Value used in this study

Rangei

Unit

€ GJ (€ t (dm))

€ GJ (€ t (dm))

Forestry residues142,143

4.8 (95)

3.6-6.1 (70-120)

Wheat straw142,143

10.6 (190)

7.9-12.3 (142-222)

Used cooking oil144

20.3 (730)

15.9-31.8 (573-1146)

i.

-1

-1

-1

Comments
-1

Including handling and transport
Delivered NWE

The ranges are based on reported ranges for forestry residues142, and historic price variations for wheat straw145 and
used cooking oil (historic palm oil trends were used as a proxy)146 in the period 2010-2014. Please note these are
European averages; national or local prices can be higher or lower than the reported range. National prices for forestry
residues and wheat straw were taken for assessing the co-production scenarios (section 2.2.5).
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2.2.3.4 Economic evaluation
A discounted cash flow rate of return (DCFROR) was used to determine for each
conversion pathway the minimum fuel selling price (MFSP) of RJF and other hydrocarbon
products, i.e. diesel, gasoline, naphtha, LPG and propane. The MFSP reflects the cost
price at which the products need to be sold to achieve a zero equity net present value
(NPV) (see S2.4). The costs of production were proportionally allocated to the outputs
based on their market price per tonne (Table 2‑6).ea This approach was chosen to
facilitate a fair comparison of the conversion pathways with high and low RJF yields
(relative to other hydrocarbon products).
Table 2‑6: Market prices of fuel products (2014).
Product

Price (€ t-1)

Jet fuel

480

147

Diesel147

Comments

446
147

Gasoline

420

Naphtha147

363

LPG/Propane148

288

CIF NWE December 2014

2.2.4 Pioneer Plant analysis
The reference studies report production costs for nth plants, presuming a commercial
scale facility using commercially available technologies, and thus bearing lower risk.
However, nth plant estimates have historically tended to underestimate capital cost and
overestimate plant performance as compared to pioneer (i.e. first-of-a-kind) industrial
facilities.83,84 As the first commercial plants are still to be built for almost all conversion
pathways (except HEFA), a pioneer plant estimate seems more appropriate to assess
the current economic feasibility of RJF production pathways.
In 1981 the RAND corporation performed a multi-factor linear regression analysis on 44
production plants to identify key drivers for capital investment growth and decreased
plant performance during the second six months after production start-up.84 They
formulated two equations to describe the cost growth and the plant performance of a
pioneer plant as a function of certain process features (e.g. the number of commercially
unproven process areas, the complexity of the process; see S2.5). Although there is
little recent empirical evidence to validate the RAND method, it continues to be
used in techno-economic assessments for a range of novel biofuel production
technologies.108,112,122,149 Fulton et al. found that some recently commissioned cellulosic
ethanol and pyrolysis plants followed the predictions of the RAND study, showing a
e
The MFSP for other products than RJF can be calculated from the MFSP of RJF using the ratio between the market
prices as displayed in Table 2‑6. E.g. a RJF MFSP of 480 € t-1 implies a diesel MFSP of 446 € t-1.
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higher capital investment and lower availability during operation start-up.83 Also, plant
availability in the first year of early Integrated Gasification Combined Cycle (IGCC) plants
has been shown to be particularly low, ranging from 0-40% in the first year to 30-60%
in the third year after formal commissioning.150
The RAND method was employed in this analysis to estimate the increase in MFSP
for pioneer plants. It must be stressed that these estimates do not necessarily reflect
the actual cost of a pioneer plant; rather they quantify the technology risk and the
associated potential cost increase because of unforeseen problems in the start-up
phase. The calculated cost growth factor and plant performance in the first year of
production for the technologies in scope are displayed in Table 2‑7. It was assumed
plant availability ramps up by 20 percentage points per year in subsequent years
until full nameplate capacity is reached.112,149 The total capital investment (TCI) for the
pioneer plant was calculated using the following equation:

Table 2‑7: Cost growth factors and plant performance for pioneer plants (see S2.5).
Technology

FT

Feedstockii

WS/FR

Cost growth factor
Plant availability year 1iii
i.
ii.
iii.

HTL

Pyrolysis

DSHCi

ATJ

HEFA

BL

WS/FR

WS/FR

Mol

WS/FR

EtOH

UCO

0.45

0.47

0.40

0.37

0.73

0.58

0.42

0.86

32%

22%

22%

22%

78%

31%

21%

86%

The assessment for DSHC was made separately for molasses and cellulosic sugar as the latter requires additional pretreatment technology.
BL = Black liquor, hog fuel and forestry residues, EtOH = Ethanol, FR = Forestry residues, Mol = A Molasses, UCO = Used
cooking oil, WS = Wheat straw.
The techno-economic model runs with timesteps of one year. It was therefore assumed that the plant availability in the
first six months after start-up is equal to the availability in the second six months.

2.2.5 Assessing co-production strategies
Two aspects were added to greenfield calculations in the base model to evaluate
co-production strategies at the location of incubator facilities: local parameters and
the quantified benefits of co-production (Figure 2‑3). Since the difference in MFSP of
greenfield (using EU averages) and co-production strategies (using local parameters) is
affected by both aspects, a ‘localized’ greenfield facility was introduced to isolate the
effect of co-production benefits. The fictional localized greenfield facility is situated
next to an incubator facility but not integrated with it. It shares the incubator facility’s
local parameters, but does not experience the merits of co-production. As such,
localized greenfield facilities also give an indication as to how production costs vary
across the EU-28. The following sub-sections describe how local parameters and the
benefits of co-production were incorporated in the greenfield model.
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Figure 2‑3: Comparison between the inputs of greenfield, ‘localized’ greenfield and co-production facilities.

2.2.5.1 Local parameters
Co-production strategies were evaluated at potential incubator facilities in the pulp
and paper, wheat ethanol and beet sugar industries. A detailed survey identified 290
potential incubator facilities in the EU-28: 150 pulp mills, 40 wheat ethanol facilities
and 100 beet sugar mills.151–153 At each incubator facility, cost supply curves for forestry
residues and wheat straw at NUTS-3 (i.e. sub-regional) level were constructed based on
local feedstock prices and transport costs (Table 2‑8).142,143 Nation-specific hourly wages
for construction and industrial labor, corporate tax rates and gas and electricity prices
were used.102,130,138–141
Table 2‑8: Assumed feedstock prices for co-production strategies (see S2.6).
Feedstock

Value

Forestry residues

Local cost-supply curve (see S2.6)

Unit

Wheat straw

Local cost-supply curve (see S2.6)

Black liquor

34.3

€ t-1 (80% solids content)114

Hog fuel

28.3

€ t-1 (50% moisture content)114

Beet pulp

16.3

€ t-1 (22% dry matter)154

A-molasses

144

€ t-1 (55% sucrose content)35

2.2.5.2 Quantifying the economic merits of co-production – a novel approach
Co-production strategies aid producers in gaining experience in the handling and
conversion of cellulosic feedstocks whilst benefiting from shared supply chain
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infrastructure, distribution networks, chemical and energy recovery facilities and an
experienced existing workforce – thus reducing costs and investment risks. General
methodologies to quantify these benefits could not be identified in the literature;
most studies either qualitatively describe the benefits or quantify these by performing
process optimization for specific processes or locations.155–161 Based on such studies, the
benefits of co-production were generalized, quantified, and added to the greenfield
model. Depending on the degree of integration, several parameters were adjusted in
the greenfield calculations to account for co-production benefits (Table 2‑9).
Capital expenditure factors for buildings, service facilities, land and yard works were
decreased because these are usually available at an existing site.85,91,102,159,162 The
contingency on a repurposed plant was lowered because the existing production line
likely consists of units that have proven robustness.85
For repurposing scenarios, the bare equipment cost items to be excluded from the
TPEC should be assessed on a case-by-case basis.85 Furthermore, remuneration to
the (former) owner of the facility should be included for repurposing or retro-fitting
strategies, preferably using the book value of the piece of equipment (the initial cost
of the asset minus the accrued depreciation). For repurposing strategies, the residual
value should be compared to the costs of dismantling the facility and environmental
remediation costs. For simplicity, these costs are often assumed to be equal, such
that the costs of repurposed assets amount to zero.85,101 In this study, it was assumed
that retro-fitted equipment has been fully depreciated and that the shutdown of the
incubator facility for retro-fitting can take place during its usual maintenance cycle.fa
It was assumed that labor costs are reduced because the work force can be shared
between facilities.91,98 Also local property taxes were reduced based on the assumption
that (part of) the land is shared. The production ramp-up for greenfield and co-located
factories was defined according to Towler & Sinnott; ramp-up values for the repurposing
and retro-fitting scenarios were taken from Gonzalez et al.85,105
In case of repurposing or replacing existing equipment, the plant lifetime depends on
the remaining lifetime of the repurposed equipment or the lifetime of the retro-fitted
incubator facility. In this study it was assumed that all incubator facilities will continue
to operate for at least 25 years.

f
A first approximation of the remuneration costs for a 10-year old Tomlinson boiler, assuming initial capital cost of
91-182 M2013114 and a useful economic lifetime of 25 years, showed an increase of roughly 30% in the MFSP for Black Liquor
Gasification. It is therefore plausible to assume that implementing retro-fitting and repurposing strategies will only be
worthwhile at the end of the equipment’s lifetime.
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Buildings

% of TDECii

% of TDECii

% of TPEC

Unit

0%

0%

7%

Repurposing

0%

45%

7%

Retro-fitting

6%

45%

29%

Co-locating

6%

55%

47%

Greenfieldi

Table 2‑9: Quantified benefits of co-production for all three degrees of integration with respect to greenfield projects.

Service facilities

12%

Capital expenditures

Landiii

37%

Only new
equipment

12%

0%

37%
New + retroOnly new
fitted equipment equipment

1.5%

0%

41%

30%

37%

1%

70%

0%

41%

30%

100%

10%
New +
repurposed
equipment

0%

70%

% of TDECii

0%

50%

100%

% of TDECii

1.5%

80%

Yard works

% reduction w.r.t.
greenfield

50%

100%

Contingency

Operating labor costiv

% of Fixed Capital
Investment

80%

TPEC

Local taxes

% of nominal capacity

100%

Production ramp-up

OPEX reductions

Production year 1

% of nominal capacity

New equipment
lifetime

% of nominal capacity

New equipment
lifetime

Production year 2

Residual lifetime
of the incubator
facility

Production year 3

Plant lifetime
Plant lifetime

Residual lifetime
of repurposed
asset
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The greenfield values for capital expenditures and OPEX are based on the SCENT model
Total delivered equipment cost (TDEC) represents TPEC including delivery charges.
It is assumed that the co-located facility requires about two-thirds of the land of the incubator facility. It is assumed that
retro-fitted equipment is bolted-on to the incubator facility and therefore does not require additional land.
The reduction of 41% is based on the reduction in labor costs per processing step according to Wessel’s method137
when comparing two separate facilities to one joint facility. It was assumed that the incubator facility’s capacity is twice
that of the co-located facility.

Results

2.3.1 Nth plant greenfield production results
Figure 2‑4 illustrates a cost breakdown for greenfield nth plants. The costs are subdivided
in feedstock, capital expenditures (CAPEX; including debt principle payments and
interest), maintenance and repairs, other OPEX (including amongst others corporate
taxes, labor costs, fixed production costs), utilities and raw materials, and nonhydrocarbon co-products (e.g. electricity).
The results show a clear preference towards HTL, pyrolysis and HEFA, which yield
minimum fuel selling prices of 21-29, 29-41 and 30 € GJ-1. None of the nth plant MFSPs
reaches the top tenth percentile of petroleum-derived jet prices over the last decade.
The low MFSP for HTL and pyrolysis is caused by relatively high conversion yields
and modest TPEC. Pyrolysis has a slightly higher MFSP compared to HTL because
of its increased TPEC due to higher bio-crude upgrading requirements and a lower
yield. HEFA performs well due to an exceptionally high yield since only few chemical
transformations are required to convert oil feedstocks to RJF. Biochemical pathways (i.e.
ATJ and DSHC) show relatively higher MFSPs, largely due to the lower conversion yields
(on a dry matter basis) and the high capital cost of lignocellulosic sugar extraction and
fermentation. Forestry residues are generally preferred over wheat straw due to their
lower price.
Based on Figure 2‑4, the conversion pathways can be roughly characterized according
to their determining cost components: i) capital expenditures, ii) feedstock and iii)
OPEX. FT and ATJ are the most capital-intensive conversion technologies (in terms of
TPEC per tonne RJF produced). The gasification unit is the major cost component for FT,
while the pre-treatment, hydrolysis and fermentation units represent the greater share
of the costs for ATJ. The same holds for sugar extraction units in the DSHC pathway.
Figure 2‑4 shows that feedstock costs comprise 70% of the MFSP for HEFA. As such, the
performance of the HEFA pathway is very dependent on the economics of sustainable
oils and fats. Pyrolysis and HTL have high shares of OPEX due to their relatively high
requirements for utilities and raw materials, predominantly caused by the cost of natural
gas for hydrogen production in the upgrading process. Furthermore, the bio-crude
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Figure 2‑4: The cost breakdown of the MFSP for greenfield (nth plant) production.

upgrading units require substantial capital investments. For DSHC the majority of the
operational costs arise from natural gas (used for process heat for sugar concentration)
and glucose used during the extraction of lignocellulosic sugars.

2.3.2 Pioneer plant production results
Figure 2‑5 illustrates that pioneer plants show significantly higher MFSPs than nth
plants, both for greenfield and co-production strategies. A particularly high increase is
shown by capital-intensive technologies such as FT (+57-82%) and ATJ (+64%-86%) and
technologies with relatively high cost growth factors due to technological immaturity,
such as HTL (+63-87%) and pyrolysis (+77-105%) or technological complexity such as
BLG (+93%). The HEFA technology shows a mere 1% increase in MFSP as it has already
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been employed at commercial scales. Hence, when looking at the current development
status, HEFA shows the best economic performance. Although HTL and pyrolysis
demonstrate considerable cost increases, they emerge as the best performing pathway
in the short term.

2.3.3 Co-production results
Figure 2‑5 shows that co-production strategies follow a similar trend to greenfield
strategies. Due to the better performance of thermochemical pathways, pulp mills and
wheat ethanol facilities prove better incubator facilities than beet sugar facilities. In
addition, RJF production from beet pulp is the least economically attractive due to the
limited production of beet pulp at the sugar facilities. Black liquor gasification (BLG)
yields the best performance of all retro-fitting strategies, which is largely due to the
relatively low price of the feedstocks used, particularly hog fuel and black liquor.
The spread between the bottom and upper MFSP (as indicated by the connector line in
Figure 2‑5) is caused by variation in local parameters, particularly wages and feedstock
prices. MFSP variation due to feedstock prices is more profound for production
involving straw, because large ranges in straw prices exist across Europe. Incubator
facilities in regions such as Eastern EU and Portugal were found to have MFSPs up
to 28% lower than the average MFSP, whilst MFSPs for incubator facilities located in
Scandinavia showed an increase up to 39%. As the capacity of beet sugar mills varies
significantly, the spread between the minimum and maximum MFSP is relatively large
due to scaling effects.
Occasionally the average MFSP for co-production strategies exceeds the greenfield
MFSP. This effect is ascribed to local parameters for some locations being less attractive
than the average European conditions. For example, co-production strategies
involving pulp mills (which are often located in Scandinavia – where labor costs are
relatively high) tend to result in higher average MFSPs than greenfield production at an
‘average’ European location. Hence, although co-production can yield lower MFSPs at
specific locations, it also limits the choice of location, which sometimes leads to higher
production costs.
Co-locating strategies show an average reduction in MFSP of 4-8% for nth plants and
5-8% for pioneer plants with respect to localized greenfield production (Figure 2‑6).
The reduction can largely be ascribed to a reduction of TCI and related costs (e.g.
maintenance costs). Consequently, the most capital-intensive technologies (i.e. FT and
ATJ) show the largest cost reductions. The reduction in MFSP for pioneer plants is on
average 1.4% larger than for nth plants, mainly because pioneer plants are generally
more capital-intensive. In absolute terms this represents a considerable reduction,
since MFSPs for pioneer plants tend to be substantially higher than those for nth plants.
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Figure 2‑5: MFSP for all conversion pathways, both nth plants and pioneer plants, greenfield and coproduction. The markers indicate the spread between the minimum (square) and maximum (triangle) nth
plant MFSP for co-production strategies at different locations. Please note that the two vertical axes of the
upper and lower panel are scaled differently.
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Figure 2‑6: Reduction in MFSP of co-locating production with respect to localized greenfield production for
nth and pioneer plant, averaged over all production locations.

2.4	Sensitivity analysis
A sensitivity analysis was performed to examine the impact of selected inputs on the
model results. Also, the opportunity costs of producing RJF (rather than biochemicals)
for the ATJ and DSHC pathways were quantified. The base case is greenfield nth plant
production.

2.4.1 TCI, yield, feedstock price and hydrogen consumption
A sensitivity analysis was performed on the parameters TCI, yield, feedstock price
and hydrogen consumption to quantify the variations and uncertainties in these
parameters (section 2.2.2). Ranges for TCI and yield were determined based on lower
and upper values identified in reference studies with comparable process designs (e.g.
studies with ex-site hydrogen production or enzyme production were excluded), and
the values used in the current study. Feedstock prices were varied across the ranges
detailed in Table 2‑5 and Figure 2‑7. The ‘future low’ case for feedstock prices aims to
show the impact of possible feedstock cost reductions in the medium term due to yield
increases and learning effects. As such, it uses feedstock costs based on European costsupply curves for dedicated wood, grass and oil crops in 2020, respectively.163 It should
be stressed that this case is based on production costs rather than prices (as in the base
case), hence excluding profit margins and potential feedstock subsidies. As hydrogen
is an important utility input for nearly all pathways (except FT), hydrogen consumption
was varied between -25% and +50%. The ranges were inserted as single permutations
to the base model. Simultaneous permutation of optimistic or pessimistic values in all
four parameters is indicated by ‘All’ (hence the ‘future low’ case is not included in ‘All’).
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Figure 2‑7: A sensitivity analysis on greenfield nth plant production.
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Figure 2‑7 shows the result of the sensitivity analysis. HEFA is most sensitive to shocks
in feedstock price. Considerable variation in MFSP was also observed for FT, ATJ and
DSHC. Whereas ranges in TCI estimates predominantly cause the MFSP variation for FT
(and to a lesser extent pyrolysis), ranges in yield estimates dominate for HTL, ATJ and
DSHC. For FT the range originates from diverging literature estimates; the range for ATJ
and DSHC can be ascribed to the wide ranges for yield estimates as a result of limited
research available. The impact of variation in hydrogen consumption is particularly
prominent for HTL and pyrolysis, but relatively marginal compared to feedstock price,
TCI and yield variations.
The sensitivity analysis nuances the base case results; although the ranges of HEFA, HTL
and pyrolysis are found on the lower side of the spectrum, the lower bound MFSPs of
DSHC and ATJ fall within the uncertainty range of the other pathways. Whereas base
results for HTL appear relatively optimistic, base results from pyrolysis are relatively
pessimistic. In fact, using optimistic assumptions pyrolysis yields a lower MFSP than
HTL and touches the average petroleum-derived jet fuel price in 2014. It is, however,
questionable whether these low MFSPs for pyrolysis are feasible given that cost
estimates have risen with improved knowledge in recent years.107,112,117–120 In addition,
the ‘future low’ scenario shows that reduction in feedstock price can have a substantial
impact on the economic viability of RJF conversion pathways; the HEFA technology
would even reach fossil jet fuel prices when oil based feedstocks become available at
lower prices.

2.4.2 Opportunity cost involved with the ATJ and DSHC pathway
Although the airline sector provides a huge potential market for biofuel producers,
RJF is a rather unattractive product in terms of selling price when compared to
chemicals. The trade-off between these markets is especially significant for the ATJ
and DSHC pathway which produce high-valued intermediates. Amyris, industry leader
in the DSHC pathway, produces a wide range of isoprenoids, which can be used for
the production of cosmetics, flavors, fragrances, lubricants and biopharmaceuticals.
One of these isoprenoids, farnesene (5465 € t-1) can also be upgraded to RJF.165 The ATJ
pathway utilizes either ethanol (599 € t-1) or butanol (which has an even higher selling
price), as a precursor for RJF.166
The opportunity costs of producing RJF are quantified by the NPV which can be used
to compare two investment decisions. Figure 2‑8 shows that a higher NPV is achieved
when selling the intermediate products, leading to considerable opportunity costs,
especially for DSHC. It is possible that market price for farnesene will decline in the
future as DSHC technology players scale up their production, thereby also saturating
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the relatively small alternative markets they target. However, it seems unlikely that
DSHC and ATJ can make a sensible business case for dedicated RJF production at
current production volumes and market prices. Joint production of biochemicals and
biofuels in a biorefinery, however, is more robust to market volatilities as they can serve
both the chemical and fuel market.167 Moreover, such biorefinery concept can stimulate
RJF development by enabling producers to gain experience with RJF production while
enjoying the higher profit margins of biochemicals.

Figure 2‑8: A comparison of the equity NPV of RJF (base case) and ethanol and farnesene (intermediate product
NPV) for ATJ and DSHC. The NPV was calculated using market prices for the hydrocarbon products (based on
their petroleum-derived counterparts, Table 2‑6), ethanol (599 € t-1 (22 € GJ-1)) and farnesene (5465 € t-1).

2.5	Discussion
The harmonized techno-economic framework allows for a fair comparison of the
conversion technologies and is, as such, useful to reveal certain trends amongst the
conversion pathways, identify their major cost components, and facilitate a wellinformed decision about directing support or research efforts to promising conversion
pathways.102,123 However, the results should be interpreted as ranges rather than points,
given the large uncertainties in feedstock prices, TCI and yield estimates in current
literature that perpetuate in the model results. Taking these ranges into account, a cost
preference was found for HEFA, HTL and pyrolysis out of the six conversion pathways
assessed.
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Comparison with existing literature

2.5.1.1 Greenfield production
Although the general sequence of the six conversion pathways investigated in this
study is roughly similar to cost ranges in techno-economic performance found in
literature, Table 2‑10 shows that this study yields generally higher results than other
studies, especially for Pyrolysis, ATJ and HTL. Some variation originates from different
feedstock choices, process configurations and economic evaluation methods.
However, the major discrepancies can be ascribed to the higher feedstock prices
used in this study, especially compared to US-focused studies. This underlines the
fact that feedstock prices are highly dependent on region. Most references included
in the literature survey assume lignocellulosic feedstock prices ranging from 1.7-3.8
€ GJ-1.36,107,108,111,112,116–121 For oil feedstocks, prices of 14-18 € GJ-1 were reported.30,33 This
study uses feedstock prices found for the current European context, with an average
price of 4.8, 10.6 and 20.3 € GJ-1 for forestry residues, straw and used cooking oil
respectively. Furthermore, the timeframe is important as more lower-cost sustainable
feedstocks might come available in the future due to cost decreases resulting from
large scale cultivation, learning effects and yield increases.24,163,168–171 The sensitivity
analysis confirms that lower feedstock prices can have a substantial impact on the
MFSP, albeit not so much on the relative performance of technologies.
As shown in the sensitivity analysis, the TCI estimates used in this study are relatively
conservative for pyrolysis, ATJ and sugar extraction. For pyrolysis this is due to the
reference study of Jones et al. being on the high end of the TCI range. For ATJ and
sugar extraction this is because of the higher Lang factor employed in the SCENT cost
estimation method with respect to the reference study.120 The SCENT method also
prescribes high maintenance (6% of FCI) and fixed cost factors relative to other studies.
This comparative analysis, as well as the sensitivity analysis presented in section 2.4,
underlines the uncertainty inherent to forward-looking techno-economic analyses.
Transparent comparison of the results with other studies is a delicate exercise due to
different economic evaluation methods, base years, capacities and input assumptions.
Convergence of cost ranges is expected when assumptions can be validated with
commercial plant performance data. Nonetheless, the literature is relatively consistent
about the overall order of the investigated conversion pathways in terms of economic
performance.
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Table 2‑10: A comparison of the study results with reported production cost ranges.
Production cost ranges (€2013 GJ -1)
This studyi

Literature survey

IEA172

IPCC-SRRENii, 24

Timeframe

nth plant

nth plant or unspecified

10th plant

2020-2030

HEFA

29

20-2830,33

28

13-27

FT

38-55

18-42

35

14-27

HTL

21-29

15-16107,116

-

13-22

36,80,107–113

Pyrolysis

30-41

13-20

-

13-22

ATJ

52-78

24-3736,121

-

-

DSHC

104-140

95

-

-

i.
ii.

107,112,117–120

35

These values are based on greenfield nth plant results. Lower and upper values for all pathways except HEFA were based
on forestry residues and straw, respectively.
The IPCC-SRREN values are based on reported ranges for ‘oil plant-based, pyrolysis-based and FT diesel or jet fuel'.

2.5.1.2 Co-production
Compared to reported reductions in MFSP resulting from co-production strategies,
the methodology proposed here appears to provide a conservative estimate of
potential process integration as it excludes the integration of material flows and
specific process units. Jones et al. calculated a decrease of 15% in MFSP for co-locating
a pyrolysis plant with a refinery, thereby leveraging existing hydrogen production and
hydrocracking capacity and exchanging off-gases.117 Purchasing hydrogen or enzymes
from (co-located) ex-site sources in case of pyrolysis, HTL, sugar extraction and ethanol
fermentation decrease the TCI and thus investment risk, but increases OPEX. Model
calculations show ex-site purchase is favored when the hydrogen price is below 1.001.65 €2013 kg-1 (for pyrolysis and HTL respectively) and the enzyme price is below 7.36 €2013
kg-1.ga Ou et al. analyzed the benefits of co-locating first and second generation ethanol
production plants.161 Their results show a decrease of 44% in overall ethanol MFSP can
be achieved compared to a stand-alone second generation ethanol plant because
of sharing electricity and steam generation units. Also, the Italian refiner Eni reports
a 80% reduction in TCI for their renewable diesel facility in Venice due to utilization
of existing assets.173 Including such TCI reduction in our model translates to an MFSP
reduction of 14% for HEFA. In addition, other non-quantified merits of co-production
can also accelerate the growth of novel technologies. For example, production adjacent
to incubator facilities can benefit from reduced lead times due to fewer construction
requirements, existing experience with biomass handling and existing links between
the incubator facility and feedstock providers. The latter two factors can be particularly
effective in alleviating key supply chain issues for novel technologies.174
g
The break-even hydrogen purchase price is lower in case of pyrolysis relative to HTL as the process produces more
off-gases which can be converted to hydrogen in an on-site steam reformer. It was assumed that these gases did not have
economic value in a hydrogen purchase scenario.

The feasibility of short-term production strategies for renewable jet fuels

|

57

2.5.2 The value of pioneer and nth plant analysis
The pioneer plant analysis estimates the potential cost increases for a first-of-a-kind
commercial plant, as if it was built today. Nth plant results represent the (future) cost of a
currently known technology after several commercial plants have been commissioned.
However, nth plant economics does not entail information about a timeframe nor a
cumulative capacity required to come from a pioneer plant to an nth plant. An assessment
of the technology or fuel readiness level can shed more light on the current technology
status and its pace towards commercialization.28 Furthermore, an nth plant analysis does
not suffice to find the ‘silver bullet’ amongst conversion pathways; learning effects and
technological breakthroughs can influence the development timeline and alter the
merit order of the technologies over time.
2.5.3 Geographic location
The spatial analysis linked to the assessment of co-production strategies reveals
lowered MFSPs for RJF production in Portugal and countries in Eastern Europe. Key
differentials are labor cost and feedstock price. However, the geographical preference
is likely to change when more country-specific parameters are added, such as discount
rates as a proxy for investment risks or the possibility of (extra-EU) feedstock imports by
ship. Moreover, the optimal production locations for RJF are not determined by MFSP
only; other factors such as existing infrastructure, the interest of local airlines and the
political climate can be of equal importance for the development of a RJF supply chain.
A comprehensive multi-criteria analysis incorporating these factors could give a more
complete answer.

2.6

Conclusion

This paper assesses the short-term economic feasibility of RJF production, calculating
the MFSP for conversion pathways expected to be ASTM certified for use in aviation
before 2020. This assessment can facilitate a development strategy for the short term,
especially since production costs are of key importance for large scale adoption of RJF.
From an economic perspective, this analysis shows HEFA is the best short-term
option with HTL and pyrolysis as the most feasible alternatives. However, none of the
conversion pathways are expected to reach price parity with petroleum-derived jet
fuel in the short term. The sensitivity analysis shows that large uncertainty ranges
still exist in the economic performance of RJF pathways due to the nascent nature
of the technologies and/or large variation in feedstock prices. Convergence of cost
ranges is expected when the industry matures and assumptions can be validated with
commercial plant performance data. In general, co-production can reduce the MFSP
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with 4-8% for nth plants and 5-8% for pioneer plants. Leveraging site- and technologyspecific integration options have been reported to further reduce the MFSP.
Although HEFA, HTL and pyrolysis have emerged as best performing technologies in
the short term, they are not necessarily the ‘silver bullet’ in the long term. Given the
status of the technology, the HEFA pathway is expected be the primary accelerator for
global RJF uptake in the coming years. However, ‘locking-in’ to this technology may
not be desirable given the limited availability of sustainable oil feedstocks and the
fierce competition with mandated and incentivized road fuel sectors in the EU and US.
Moreover, a price premium for HEFA is likely to remain as long as oil feedstock prices
stay close to the price of petroleum-derived jet fuel. The commercial performance of
HTL and pyrolysis is still uncertain as a result of a lack of empirical validation.
Production costs will need to be reduced to fall within the range of petroleum-derived
jet fuel prices of the last decade. In the long term, learning effects, economies of
scale, technological breakthroughs, biomass price dynamics, and changing policy
landscapes can have a decisive impact on the economic performance and merit order
of conversion pathways for RJF production. It is of cardinal importance to start gaining
experience across the entire supply chain in the short term in order to reach price parity
in the long term. Bridging the valley of death of technologies in their pioneer status
requires significant RD&D efforts and stable policy support in the form of grants, loan
guarantees, biofuel mandates or significant carbon prices. The results of this study can
provide direction to industry, research and policy efforts on the short term. However,
a comprehensive long-term strategic roadmap requires more insight in the future
learning potential as well as the current and future sustainability performance of RJF
production pathways. The development of current and emerging technologies as well
as biorefinery concepts (producing RJF alongside products for other markets such as
biochemicals) should be fostered. Furthermore, optimization of feedstock logistics,
yield improvements, large-scale cultivation (without jeopardizing food supply) and
the commercialization of new sustainable feedstock types can boost cost reductions
of RJF production in the longer term. Lastly, co-production strategies, transitional
technologies (e.g. co-gasification of coal and biomass) or strategies involving existing
infrastructure (e.g. co-processing oil feedstocks or bio-crude in existing refineries)
should be explored further and leveraged. The aforementioned advancements will
not be driven by developments in the RJF sector alone; an integral approach towards
bioenergy is required to take the necessary incremental steps towards a sustainable
bioeconomy.
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S2.	Supplementary Information
S2.1

Capital Cost Build-up

This study follows the cost element structure as proposed by Ereev and Patel (2012) in their
Standardized Cost Estimation for New Technologies (SCENT). Ereev and Patel (2012) distinguish
the production costs in two categories, being (semi-) variable costs and fixed cost. Variable costs
are fully or partially proportional to the facility’s load factor; fixed costs are independent of the
load factor. Both categories consist of multiple individual cost components (see figure below).

Figure 2-9: Cost components according to Ereev & Patel102.

The table below lists the total capital investment (TCI) build-up for greenfield facilities assuming
a solid-fluid plant, adapted from Ereev & Patel102.
Table 2-11: Capital cost components build-up.
Capital cost components build-up

Value

Unit

Direct cost
Bare equipment cost

100%

Total purchased equipment cost (TPEC)

100%

Delivery

10%

% of TPEC

Total delivered equipment cost (TDEC)

110%

Relative to TPEC
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Equipment installation

39%i

% of TPEC

Instrumentation and controls

26%

% of TDEC

Buildings

47%

% of TPEC

Service facilities

55%

% of TDEC

Engineering and supervision

32%

% of TDEC

Construction expenses

34%

% of TDEC

Contractor’s fee

19%

% of TDEC

Legal

4%

% of TDEC

Contingency

37%

% of TDEC

Total direct and indirect cost (TDIC)

424%

Relative to TPEC

Start-up capital

6-10%ii

% of TDIC

Depreciable Capital Investment (DCI)

449-466%

Relative to TPEC

Land

6%

% of TDEC

Yard Works

12%

% of TDEC

Fixed Capital Investment (FCI) (Lang factor)

469-486%

Relative to TPEC

Working capital

5%iii

% of FCI

Total Capital Investment (TCI)

492-510%

Relative to TPEC

Indirect cost

i.
ii.
iii.

Computed from the average construction labor coefficient in the EU and a weighted average (based on equipment
cost) of the material and labor installation factor as reported in SCENT. 102
6% when the total purchased equipment cost (TPEC) is higher than 18 M€, 8% if TPEC is between 1.8 M€ and 18 M€,
10% if TDIC is lower than 1.8 M€.
Here, a more common value of 5% is taken which deviates from the 20% as mentioned in SCENT.

Most operational expenditures (indicated by solid-lined boxes) are estimated using a factorial
approach. The corresponding factors as well as a more detailed description of the respective
cost components are given in the table below, based on average values for solid-fluid plants as
documented in Ereev and Patel (2012). The cost components in the dashed boxes were estimated
using data reported in previous techno-economic studies.
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Table 2-12: Description of cost components.
Cost component

Description

Factor

(Semi-) variable costs

Costs fully or partially proportional to the
facility’s load factor

Sum

Raw materials

Feedstocks, catalysts, chemicals, etc.

Obtained from technology-specific
sources

Utilities

Fuel, process steam, heating or cooling fluids,
electricity, process water, nitrogen, hydrogen,
natural gas, instrument air, etc.

Obtained from technology-specific
sources

Operating labor

The total labor costs of all operating staff

Wessel’s method

Direct supervisory and
clerical labor

Cost for supervising and clerical activities

15%

% of operating labor cost

Maintenance and repairs
– labori

Labor expenses necessary for maintenance and
repairs

3%

% of Fixed Capital
Investment (FCI)

Maintenance and repairs materials

Material expenses necessary for maintenance
and repairs

3%

% of Fixed Capital
Investment (FCI)

Operating supplies

Lubricants, spare parts, lubricants, etc.

15%

% of total maintenance
and repairs

Laboratory charges

Charges for laboratory tests

15%

% of operating labor cost

Patents and royalties

Royalties paid to the technology licenser

3.5%

% of (semi-) variable costs
and fixed costs

Fixed costs

All costs independent of the load factor

Sum

Local taxes

Property taxes paid to local governments

1.5%

% of Fixed Capital
Investment (FCI)

Insurance

Plant insurance

1%

% of Fixed Capital
Investment (FCI)

General plant overhead

Can comprise hospital and medical services,
safety services, cafeteria and recreational
facilities, payroll overhead, lighting, employment
offices, distribution of utilities, etc.

35%

% of total labor cost

Administrative costs

Expenses related to top-management or
administrative activities

20%

% of operating labor cost

2%

% of (semi-) variable costs
and fixed costs

Distribution and marketing Salaries, wages, supplies and other expenses for
the sales office

Base

Research and development Salaries, wages, supplies and other expenses for
1.5%
% of Fixed Capital
the R&D department
Investment (FCI)
i.
This value is multiplied with the construction labor cost index as reported in Ereev and Patel102.
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Model assumptions

Table 2-13: Model assumptions.
FT 107

Black liquor gasification 114
Value

Unit

Value

Unit

6.9

M€2013

Air separation
unit

16.1

M€2013

Feed prep and drying 8.3

M€2013

BL gasifier and 13.0
green liquor
filter

Gasification with tar
reforming and heat
recovery

26.6

M€2013

Nitrogen
compressor

Syngas cleanup and
steam reforming

19.8

FT synthesis

HTL 107
Value

Unit

Hydrothermal
liquefaction
(HTL) plant

43.3

M€2013

M€2013

Hydrotreating

11.3

M€2013

0.5

M€2013

Hydrocracking
and separation

8.5

M€2013

M€2013

Acid gas
8.6
removal and
sulfur recovery

M€2013

Hydrogen plant

25.5

M€2013

12.1

M€2013

Synthesis
island (FT
synthesis)

7.9

M€2013

Wastewater
treatment

-i

M€2013

Hydrocracking and
product separation

14.6

M€2013

Combined
cycle power
island

21.3

M€2013

Remainder
OSBL

-i

M€2013

Steam system and
power generation

7.3

M€2013

Wood yard
expansion

1.2

M€2013

TPEC

88.6

M€2013

Remainder OSBL

-i

M€2013

Biomass dryer

9.3

M€2013

TPEC

96

M€2013

Biomass
9.6
gasifier and tar
cracker

M€2013

Biomass
syngas cooler
and wash

7.0

M€2013

TPEC

94.5

M€2013

Output FT
liquids

0.40

GJ GJ -1
(feed)

Output diesel

0.013

t GJ -1
(feed)

Bare equipment cost
Air separation unit

Outputs
Output diesel

0.0068

t GJ -1
(feed)

Output naphtha

0.0020

t GJ -1
(feed)

Output gasoline 0.0048

t GJ -1
(feed)

Output waste water

0.0751

m3 GJ -1
(feed)

Wastewater

m3 GJ -1
(feed)

0.063
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Output wet ash

t GJ -1
(feed)

0.0039

t GJ -1
(feed)

Wet ash

0.00029
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Utilities
Water requirement

0.162

Power consumption

0.010

Power production

0.025

Lime kiln #6
fuel oil

0.0026

t GJ -1
(black
liquor)

Natural gas
requirement

4.6

m3 GJ -1
(feed)

MWh
GJ -1
(feed)

Electricity
produced

0.025

MWh
GJ -1
(feed)

Power
consumption

0.016

MWh
GJ -1
(feed)

MWh
GJ -1
(feed)

Electricity
produced
in reference
caseii

0.021

MWh
GJ -1
(feed)

Power
production

0.0043

MWh
GJ -1
(feed)

Water
requirement

0.044

m3 GJ -1
(feed)

Base year
reference study

2008

Miscellaneous

i.
ii.
iii.

Base year reference
study

2008

Reference capacity

39.2

Catalyst & chemicals

54.3

Number of
processing steps108,112

9

Base year
reference
study

2005

TJ
(feed)
day-1

Reference
capacity Black
liquor

16.1

TJ
(feed)
day-1

Reference
capacity

39.2

TJ
(feed)
day-1

€ t-1
diesel

Reference
capacity hog
fuel

2.5

TJ
(feed)
day-1

Catalyst &
chemicals

31.0

€ t-1
diesel

Reference
capacity
forestry
residues

20.7

TJ
(feed)
day-1

Number of
processing
steps

5

11
Number of
processing
stepsiii
Excluded value because the OSBL costs are also included in Ereev and Patel’s SCENT method.
This value was inserted to compensate for the income loss of the pulp mill owner for due to the diversion of hog fuel
and black liquor from electricity production.
Based on the value for FT plus an additional gasifier and syngas quench for the black liquor gasification.
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(continued)
Pyrolysis120

DSHC 35
Value

ATJ36,81,121

Unit

Value

Unit

0.8

M€2013

37.0

M€2013

Value

Unit

Dehydration,
oligomerization &
hydrogenation36

9.8

M€

TPEC

9.8

M€

Bare equipment cost at reference capacity
Fast pyrolysis

42.0

M€2013

Separationvi

Pyrolysis oil
upgrading to
stable oil

31.9

M€2013

Hydrocracking

Product
separation and
hydrocracking

4.7

M€2013

Fermentationvi

3.7

M€2013

Hydrogen plant

23.8

M€2013

TPEC

41.5

M€2013

Balance of plant

-

M€2013

TPEC

102.4

Intermediate
farnasene

0.20

t t-1 sucrose

Output jet121

0.130

t t-1
ethanol

Output gasoline 0.0063 t GJ -1
(feed)

Farnasene
losses yeast
centrifuge

1%

% of
farnasene
production

Output gasoline121 0.425

t t-1
ethanol

Waste water

Farnasene
losses organic
centrifuge

3%

% of
farnasene
production

Output jet

0.50

t t-1
farnasene

Output diesel

0.075

t t-1
farnasene

Output
naphtha

0.27

t t-1
farnasene

Waste water

6.2

t t-1
farnasene

iv

vi

M€2013

Outputs
Output diesel

0.0077 t GJ -1
(feed)

0.024

m3 GJ -1
(feed)

Utilities
Natural gas
requirement

2.6

m3 GJ -1
(feed)

Water
requirement

850.3

m3 t-1
farnasene

Hydrogen
requirement81

0.008

t t-1
ethanol

Water
requirement

0.027

m3 GJ -1
(feed)

Steam usage

0.00047

t t-1 sucrose

Steam
requirement121

0.22

t t-1
ethanol

Electricity
requirement

0.006

MWh
GJ -1
(feed)

Hydrogen
requirement

0.095

t t-1
farnasene

Electricity
requirement121

0.22

MWh t-1
ethanol

Electricity
requirement

0.022

MWh t-1
sucrose
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Miscellaneous

iv.
v.
vi.

Base year
reference study

2011

Reference
capacity

39.2

Number of
processing
steps112 v

7

Catalyst &
chemicals

1.2

Disposal cost

0.03

Base year
2011
reference study
TJ
(feed)
day-1

Base year
reference study 36

2011

Reference
capacity

1420

t sucrose
day-1

Reference
capacity36

482

DAP

0.0027

t t-1 sucrose

Number of
processing steps

4

€ t-1
feed

NH4OH

0.044

t t-1 sucrose

€ t-1
feed

NaOH

0.026

t t-1
farnasene

NaCl

0.22

t t-1
farnasene

Tergitol

0.016

t t-1
farnasene

Number of
processing
steps

11

t
ethanol
day-1

Excluded value because the OSBL costs are also included in Ereev and Patel’s SCENT method
Number based on Anex et al.112 plus an additional hydrogen plant
When scaled, a scaling factor of 0.6 was applied

(continued)
Ethanol fermentation123

Sugar extraction123

Value Unit

HEFA30,128

Value

Unit

Value

Unit

Bare equipment cost at reference capacity
Pre-treatment
and
conditioningviii

15.9

M€2013

Pre-treatment and
conditioningviii

15.9

M€2013

Enzymatic
hydrolysis &
fermentationix

13.7

M€2013

Enzymatic
hydrolysis &
fermentationix

8.6

M€2013

Cellulase
enzyme
productionx

8.1

M€2013

Cellulase enzyme
productionx

8.1

M€2013

Solids recovery xi 8.2

M€2013

Solids recovery xi

9.2

M€2013

Waste water
treatment

-

vii

M€2013

Waste water
treatment

-

M€2013

Storage

- vii

M€2013

Storage

- vii

M€2013

Boiler/
turbogenerator
(lignocellulosic
feedstocks) viii

25.3

M€2013

Boiler/
turbogenerator
(lignocellulosic
feedstocks) viii

26.8

M€2013

Boiler/
turbogenerator
(beet pulp)

- vii

M€2013

Pre-treatment and
conditioningviii

- vii

M€2013

Utilities

- vii

M€2013

TPEC

68.8

M€2013

vii

Fixed capital
626
investment (FCI)128

M€
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TPEC

71.1

M€2013

Outputs
Outputs for forestry residues and
wheat straw124

Sugar yield for lignocellulosic
feedstocks124

Output jet30

0.128

t t-1
UCO

Glucose yield

0.83

t t-1
glucan

Glucose yield

0.83

t t-1
glucan

Output diesel30

0.681

t t-1
UCO

Xylose yield

0.80

t t-1 xylan

Xylose yield

0.80

t t-1 xylan

Output naphtha30

0.018

t t-1
UCO

Arabinose yield

0.80

t t-1
arabinan

Arabinose yield

0.80

t t-1
arabinan

Output LPG30

0.016

t t-1
UCO

Galactose yield

0.89

t t-1
galactan

Galactose yield

0.89

t t-1
galactan

Output propane30

0.042

t t-1
UCO

Mannose yield

0.89

t t-1
mannan

Mannose yield

0.89

t t-1
mannan

Ethanol from
glucose

0.48

t t-1
glucose

Ethanol from
xylose

0.44

t t-1 xylose

Ethanol from
arabinose

0.44

t t-1
arabinose

Ethanol from
galactose

0.44

t t-1
galactose

Ethanol from
mannose

0.44

t t-1
mannose

0.40

t t-1 feed
(dm)

Makeup water
requirement

1.77

m3 t-1 feed Makeup water
(dm)
requirement

1.77

m3 t-1
Water
feed (dm) requirement30

-

m3 t-1
UCO

Electricity
productionxii

154

kWh t-1
feed (dm)

Natural gas

33.3

m3 (L kg
Natural gas
-1
water
usage30
reduced)
-1 -1
t sugar
produced

150

m3 t-1
UCO

Electricity
consumption

10.3

kWh t-1
feed (dm)

Electricity
production

153.8

kWh t-1
Hydrogen
feed (dm) requirement30

0.027

t t-1
UCO

Outputs for beet pulp132
Ethanol output

Utilities
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MWh
t-1
UCO

Miscellaneous

vii.
viii.
ix.
x.
xi.
xii.
xiii.

Base year
reference study

2007

Base year reference 2007
study

Base year
reference study

2011

Reference
capacity plant

2000

t feed
(dm) day-1

Reference capacity
plant

2000

t feed
(dm)
day-1

Reference
capacity plant128

2500

Reference
capacity boiler

608

t lignin
(dm) day-1

Output sugar
concentration123

7.85

Number of
L water
kg-1 sugar processing steps

Other chemicals 1.97

€ t-1 feed
(dm)

Target sugar
concentration for
DSHC35

0.47

L water
kg-1 sugar

Sulfuric acid
loading
(lignocellulosic
feedstocks)

0.024

t feed
(dm) day

Other chemicals

0.79

€ t-1 feed
(dm)

Sulfuric acid
loading (beet
pulp)

0.0087 t feed
(dm) day

Sulfuric acid
loading

0.024

t t-1 feed
(dm)

Ammonia
loading

0.014

t feed
(dm) day

Ammonia loading

0.014

t t-1 feed
(dm)

Corn syrup
loading

0.029

t feed
(dm) day

Corn syrup loading 0.029

t t-1 feed
(dm)

DAP

0.0017

t feed
(dm) day

Number of
processing steps

FGD Lime

0.011

t feed
(dm) day

Combustor
ashxiii

0.069

t feed
(dm) day

t feed
day-1

5

5

11
Number of
processing
steps112,122
Excluded value because the OSBL costs are also included in Ereev and Patel’s SCENT method
When scaled, a scaling factor of 0.6 was applied 123
When scaled, a scaling factor of 0.9 was applied 123
When scaled, a scaling factor of 1.0 was applied 123
When scaled, a scaling factor of 0.7 was applied 123
The value is based on the lignin content of corn stover. This value is adapted to the specific lignin content of the
feedstocks under consideration. The value is zero for beet pulp.
Derived from Humbird et al.123. The value is based on the ash content of corn stover. This value is adapted to the specific
ash content of the feedstocks under consideration. The value is zero for beet pulp.
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S2.3

Prices raw materials and utilities

Table 2-14: Prices of raw materials and utilities.
Materialsi
Electricityi 141 (EU average)

0.07

€ kWh -1

Natural gas140 (EU average)

0.30

€ m -3

Water

0.04

€ m -3

9.04

€ t-1

854

€ t-1

Waste water discharge fee107

0.72

€ m -3

Ash disposal

16.8

€ t-1

DAP35

529

€ t-1

173

€ t-1

NaOH175

490

€ t-1

NaCl

136

€ t-1

2,823

€ t-1

Sulfuric acid

60.4

€ t-1

Ammonia178

420

€ t-1

Glucose178

527

€ t-1

Lime

85.9

€ t-1

462

€ t-1

35

Steam35
Hydrogen

117

117

NH4OH

35

176

Tergitol177
178

179

Heavy fuel oil (#5 & #6) 180
i.
ii.

Costs for raw materials and utilities were normalized to 2013 values using the US Consumer Price Index (CPI) and the
country specific Harmonized Index for Consumer Prices (HICP) for dollars and euros, respectively.181,182
It was assumed that the selling price of green electricity to the grid was equal to the purchase price of electricity from
the grid.

S2.4

MFSP calculation

The MFSP is the price at which the fuel products should be sold to achieve a zero equity net
present value (NPV). The equity NPV is the sum of future cash flows to and from the equity
holders. The MFSP was calculated using the following equation:

In which t = financial year, L = project lifetime, It = investment expenditures in year t (€), E =
equity share of investment, Dt = Principle and interest payments in year t (€), Tt = Tax payments
in year t (€), COPt = cost of production in year t, minus the revenues of the non-fuel co-products
(€), r = discount rate, i = fuel product (i.e. jet fuel, diesel, gasoline or naphtha), q = ratio of fuel
product with respect to the jet price, Pi,t = production of fuel product i in year t (tonne).
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Please note that the tax payments are dependent on the revenues. The revenues, in turn, depend
on the MFSP. Therefore, this iterative calculation was performed using Goal Seek in Excel.

S2.5

Pioneer plant analysis

A dated, but still widely used method to estimate the capital investment and plant performance
of a pioneer plant from Nth plant figures is the RAND method, developed by Merrow, Phillips and
Myers84 at RAND (Research ANd Development) corporation. The study comprised a multi-factor
linear regression analysis on 44 production plants to identify the major factors causing capital
investment growth and decreased plant performance during the first year of production. Based
on empirical data, they formulated two equations that describe the cost growth and the plant
performance of a pioneer plant as a function of certain process details as outlined in the table
below84,112.

Using this method, the total capital investment and plant capacity in year 1 can be calculated
using the following equations:

The plant performance is increased with 20 percent points per year in consequent years.
Table 2-15: Pioneer plant analysis.
Parameter

Range

Definition

Cost growth

>0

The reciprocal of cost growth equals the factorial increase of the
actual capital costs with respect to the cost estimate

Plant performance

0-100

Percentage of nameplate capacity which is achieved during the
first year

PCTNEW

0-100

The percentage of capital cost of commercially unproven process
areas in the entire plant

IMPURITIES

0 (none) - 5 (many)

The extent to which build-up of impurities can be expected

COMPLEXITY

≥1

Number of continuously linked process steps

INCLUSIVENESS

0-100

The percentage of start-up cost (i.e. land purchase/leases/property
rentals, initial plant inventory/warehouse parts/catalysts and preoperating personnel cost included in the capital estimate

PROJECT DEFINITION

2 (maximum definition) - Level of site-specific information and engineering included in the
8 (minimum definition)
cost estimate
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C1

0.04011 for commercial
or pre-commercial,
-0.06361 for processes
in R&D stages

The commercialization status of the technology

NEWSTEPS

≥0

The number of steps that have not been proven at commercial
scales

BALEQS

0-100

The percentage of mass and energy balances that were retrieved
from commercial plant data

WASTE

0 (none) to 5 (significant
issues)

The extent to which waste handling issues may arise

SOLIDS

1 if it does, 0 if it does
not

Whether or not the process involves solid handling

The RAND factors for each technology used in this analysis are given in the table below. It was
chosen to assign particular factors to each technology separately, because each technology is
in a different stage of development and is expected to have its particular scale-up problems.
Table 2-16: Calculation of RAND factors.
CAPEX growth

HEFA

FT

BLG

HTL

Pyrolysis

ATJ

DSHC
(mol)

DSHC
(cell.
Sug.)

Pctnew

-

37

25

71

77

32

-

24

Impurities

-

4

4

4

4

3

3

4

Complexity

5

9

11

5

6

15

11

16

Inclusiveness

66

66

66

66

66

66

66

66

Project Definition

7

7

7

7

7

7

7

7

C1

-0.04011

-0.06361

-0.06361

-0.06361

-0.06361

-0.06361

-0.04011

-0.04011

Cost growth factor

0.86

0.45

0.47

0.40

0.37

0.42

0.73

0.58

Nwstps

0

2i

3ii

3iii

3iv

4iv

0

3vi

Baleweqs

0

0

0

0

0

0

0

0

Plant performance

Waste

0

4

4

4

4

2

2

2

Solids

0

1

1

1

1

1

0

1

Plant performance
86%
32%
22%
22%
22%
22%
78%
40%
in year 1
i.
This number includes feedstock handling and gasifier112
ii.
This number follows the number for FT with an additional gasifier
iii.
This number includes the Pretreatment, HTL and hydroprocessing
iv.
This number includes the Pyrolysis reactor, hydroprocessing, combustor112
v.
Anex et al.112 reported 6 new units. Seeing the recent advancements in cellulosic ethanol production and large scale
sugar and starch ethanol facilities, this number was reduced to only include the feeedstock handling, pretreatment,
saccharification and cofermentation units. No new steps were encountered in the ATJ conversion.
vi.
This number includes feedstock handling, pre-treatment and enzymatic hydrolysis area
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The amount of (new) processing steps (encapsulated in the variables Complexity and Newstps)
were derived from process designs as reported in the reference studies and existing pioneer
plant analyses108,112,118,122. Pctnew was calculated by dividing the bare equipment cost for the
new units over the total bare equipment cost. The fact that some process steps are already
demonstrated on commercial scale (e.g. DSHC and HEFA) or are common chemical operations
(e.g. hydrocracking, dehydration of alcohol, etc.) was taken into account. The sensitivity to
Impurities (on a scale of 0-5) was set to 4 for thermochemical technologies involving high
temperatures and pressures and 3 for biochemical pathways based on estimates for Pyrolysis, FT
and Ethanol fermentation in Anex et al.112 A similar approach was taken for Waste. Inclusiveness
was set to 66% for all technologies. Although SCENT methodology includes all cost factors,
these cost factors could not be validated with a commercial plant. The extent to which location
specific data was taken into account (included in Project Definition) was set to a conservative 7 in
all cases, corresponding with the high-level character of this study. C1 was set to the maximum
value (-0.06361) for technologies that are not proven for biomass at commercial scales. Following
similar reasoning as Swanson et al., the percentage of mass and energy balances that were
retrieved from commercial plant data, Baleweqs, was set to zero as none of the used data has
been validated with real plant data.108 Lastly, all technologies involving solids handling were
given a value of 1 for Solids. DSHC based on molasses and HEFA were assigned a 0 as it only
involves liquids.

S2.6

Constructing local cost-supply curves

As feedstock costs are usually location dependent and make up a large share of total raw material
cost, these were subject to more detailed estimates using local cost-supply curves. Cost-supply
curves for wheat straw and forestry residues were constructed by adding the feedstock price at
the forest/farm site and the cost of transport at NUTS-3 (i.e. sub-regional) level.
The wheat straw and forestry residue prices at the forest/farm site on NUTS-2 (i.e. regional)
level were obtained from Kühner.142 It was assumed prices in NUTS-3 regions were similar to
prices in their respective NUTS-2 regions. The feedstock price was assumed to be the average
of the mentioned range for each NUTS-2 region. Wheat straw prices were updated to the
most recent prices (2012) using prices and indices of agricultural products as reported by
Eurostat.145,183 Prices were consequently updated using country-specific Harmonized Index of
Consumer Prices (HICP). The transport costs include both handling and storage at the forest/
farm as well as the factory site. Country-specific costs for storage, handling and transport
(using a telescopic handler and transport by truck and drawback trailer) were calculated using
the indices for labor fuel, and vehicle investment costs as reported in Rotter & Rohrhofer143.
The distance between the feedstock production site and the conversion site was calculated
using the Origin-Destination function (part of the Network Analyst tool) in ArcMAP 10.1. It was
assumed that the available biomass in a certain NUTS-3 region is located at the centroid of the
region. Consequently, ArcMAP was used to compute the distance between the centroid and the
incubator facility via the road transport network suitable for trucking (NAVTEQ 2012 Q1 Europe
map). Forestry residue potentials were obtained from Elbersen et al.184 Wheat straw potentials
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were retrieved from Monforti et al.185 NUTS-2 potentials were allocated to the respective NUTS-3
regions according to NUTS-3 area size. In addition, it was assumed that only 10% of the residue
potential (the so-called ‘participation rate’) is available for biofuel production for both forestry
residues and wheat straw.
In all calculations regarding co-production strategies, total feedstock costs were computed from
the area under the cost-supply curve. This assumes that the factory owner pays different prices
at the factory gate for batches of feedstock coming from other regions. An alternative approach
(not used in this study) is to assume a market in which each feedstock seller wants the same price
for every batch of feedstock, preferably the maximum (marginal) price. The increase in MFSP as a
result of using the marginal price is more profound for strategies involving wheat straw (20-24%)
than forestry residues as (3-7%), because the average supply density of wheat straw in the EU is
about one-tenth that of forestry residues. This results in a wider biomass collection radius and
hence a larger difference between the closest and the furthest collection point – with associated
variation in transport costs. In practice the actual pricing structure of feedstock may lie between
both approaches.
A-molasses, hog fuel, beet pulp and black liquor are produced at the incubator facility itself. It is
assumed that these feedstocks are available at a constant cost price. As black liquor and hog fuel
are often used for electricity and steam production, it was presumed that the pulp mill owner’s
loss of income from electricity sales should be fully compensated by revenue from hog fuel and
black liquor sales to the biofuel plant. Beet pulp and A-molasses availability was determined
from the size of the incubator facility. As sugar beet factories do not produce all year round, the
beet pulp and A-molasses potential were annualized by using country specific beet campaign
lengths186 to fit the production cycle of the biofuels plant. It was presumed that excess beet pulp
and A-molasses was stored during the beet campaign and used outside the beet campaign.

S2.7

Literature survey

The values retrieved from the literature for the literature survey are reported in the table below in
the respective quantity they were reported. Values were converted using conversion factors and
as stated in S2.8. Scaling was based on fuel output and a scaling factor of 0.6. Bare equipment
costs were normalized to US$2013 or €2013 using the Chemical Engineering Plant Cost Index
(CEPCI).103,104 US$2013 were converted to €2013 using the average euro-dollar exchange rate in 2013
(0.753 € $-1).
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Table 2-17: Literature survey.
Fischer-Tropsch
Reference

Technology

Feedstock

Parameter

Value

Unit

Zhu et al.107

FT-directly heated
gasifier/indirectly
heated gasifier

Hybrid poplar
wood chips

Total project investment

537/379

M$2008

Feed input

2000/200

t (dm) day-1

Product yield - diesel
Product yield - naphtha

28/24
9/8

MMgal year-1
MMgal year-1

Production costs (MFSP)

4.6/4.3

$2008 gal-1

Feedstock price

60

$2008 t-1(dm)

Total investment

500

M€2009

Feed input

108

t hour-1

Product yield - naphtha
Product yield - jet
Product yield - heavy
diesel

17.9
50.0
21.4

t year-1

Production costs

812

€ m -3

Feedstock price

18

€2009 MWh-1

Total investment

498/606

M$2007

Feed input

2000/2000

t (dm) day-1

Product yield

47.2/61.0

GGE t-1 feed (dm)

Production costs (MFSP)

4.8/4.3

$2008 gal GGE-1

Feedstock price

75

$2007 short ton -1

Total investment

834/949

M€2007

Feed input

80

t (dm) hour-1

Product yield

0.17/0.17

t t-1 feed (dm)

Production costs

1.16/1.14

€2007 L-1

Feedstock price

100

€2007 t-1 (dm)

Total investment

298/552

M$2008

Feed input

400

MWth

Product yield

0.13/0.13

t t-1 feed (dm)

Production costs

0.97/1.53

$2008 kg-1

Feedstock price

42

$2008 t-1 (dm)

Total investment

760

M$2011

Ekbom et al. 80

Swanson et
al.108

FT-Brista case

FT-Low
Temperature /High
Temperature

Haarlemmer et FT- Fluidised bed/
al.109
Entrained flow
reactor

Sarkar, Kumar
& Sultana111

Tuna &
Hulteberg110

FT – atmospheric
pressure gasifier /
pressurized gasifier

FT

Wood chips

Corn stover

Wood

Forestry
residues

Poplar
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Meerman et
al.113

Anex et al.

112

Atsonios et
al. 36

Consonni et
al.114

Ekbom et al.115

FT – entrained flow
gasifier

FT-Low
Temperature /High
Temperature

FT

FT - FTc case

FT - FTD case

Torrefied
pellets/
Eucalyptus

Corn stover

Wood chips

Black liquor,
hog fuel
and forestry
residues

Black liquor,
hog fuel
and forestry
residues

Feed input

2000

t (dm) hour-1

Product yield- gasoline
Product yield- diesel

0.0517/0.0517
0.0779/0.0779

t t-1 feed (dm)

Production costs

139.6

$2011 MWh-1

Feedstock price

140

$2011 t-1

Total investment (excl.
CCS unit)

1373/1442

M€2008

Feed input

283/274

t (dm) hour-1

Product yield – FT liquids 61/48

t hour-1

Production costs

13-33/22-38

€2008 GJ -1

Feedstock price

6

€2008 GJ -1

Total investment

500/610

M$2007

Feed input

2000

t (dm) hour-1

Product yield

47.2/61.0

Gal t-1 feed (dm)

Production costs (MFSP)

3.8/4.3

$2008 GGE-1

Feedstock price

75

$2007 short ton -1

Total investment

207

M€2011

Feed input

864

t (dm) day-1

Product yield - jet fuel
Product yield - gasoline

0.097
0.076

t t-1 feed (dm)
t t-1 feed (dm)

Production costs (MFSP)

1.24

€2011 L-1

Feedstock price

60

€2011 t-1 (dm)

Total investment

350

M€2005

Feed input - Black liquor
Feed input - Hog fuel
Feed input - Forestry
residues

350.7
54.1
368.5

MW

Product yield - FT liquids

342.7

MW

Total investment

580

M€2005

Feed input - Black liquor
Feed input - Biomass

487
378

MW
MW

Product yield - diesel
Product yield - naphtha

109700
56200

t diesel year-1
t naphtha year-1

Production costs

12.1

€ GJ -1
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HTL
Zhu et al. 187

HTL SOT case/Goal case

Woody biomass

Total investment

512/468

M$2007

Feed input

2000

t (dm) day-1

Product yield hydrocarbon

0.22/0.36

L kg-1

Production costs (MFSP) 4.44/2.52
Zhu et al.107

HTL

Hybrid poplar
wood chips

$2007 GGE-1

Feedstock price

70

$2007 t-1 (dm)

Total investment

456

M$2008

Feed input

2000

t (dm) day-1

Product yield - gasoline
Product yield - diesel

22
55

MMgal year-1
MMgal year-1

Production costs (MFSP) 2.4

$2008 GGE-1

Feedstock price

$2008 t-1 (dm)

60

Pyrolysis
Zhu et al.107

Jones et al. 117

Wright et al.118

Anex et al.112

Fast pyrolysis

Fast Pyrolysis

Fast Pyrolysis
H2 purchase/H2
production

Fast Pyrolysis
H2 purchase/H2
production

Hybrid poplar wood
chips

Hybrid poplar wood
chips

Corn stover

Corn stover

Total investment

332

M$2008

Feed input

2000

t (dm) day-1

Product yield - gasoline
Product yield - diesel

34
43

MMgal year-1
MMgal year-1

Production costs (MFSP) 2.4

$2008 gal-1

Feedstock price

60

$2008 t-1 (dm)

Total investment

303

M$2007

Feed input

2000

t (dm) day-1

Product yield - gasoline
Product yield - diesel

28555
38367

lbs hour-1

Production costs (MFSP) 2.04

$2007 gal-1

Feedstock price

80

$2007 short ton -1 (dm)

Total investment

200/267

M$2009

Feed input

2000

t day-1

Product yield - fuel yield 220/134

ML year-1

Production costs (MFSP) 2.11/3.09

$2009 GGE-1

Feedstock price

83

$2008 t-1 (dm)

Total investment

200/280

M$2007

Feed input

2000

t day-1

Product yield - fuel yield 88.2/53.6

Gal t-1

Production costs (MFSP) 2.11/3.09

$2007 GGE-1

Feedstock price

$2007 short ton -1 (dm)

75
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Brown et al.188

Jones et al.120

Fast Pyrolysis

Fast Pyrolysis

Corn stover

Woody biomass

Total investment

429

M$2011

Feed input

2000

t (dm) day-1

Product yield - fuel yield 57.4

MMgal year-1

Production costs (MFSP) 2.57

$2011 gal-1

Feedstock price

83

$2011 t-1 (dm)

Total investment

700.6

M$2011

Feed input

2000

t (dm) day-1

Product yield - gasoline
Product yield - diesel

40
44

Gal (short ton)-1
feed (dm)

Production costs (MFSP) 3.39

$2011 GGE-1

Feedstock price

$2011 t-1 (dm)

51

HEFA
Pearlson et al. 30,189

Seber et al.

33

KleinMarcuschamer
et al. 35

Neste Oil128,190

Diamond green
diesel127

HEFA

Soybean oil

Total investment

224.87

M$2010

Feed input

747338

klbs year-1

Product yield - jet
0.128
Product yield - diesel
0.681
Product yield - naphtha 0.018

t t-1 feed
t t-1 feed
t t-1 feed

Production costs
(MFSP)

1.01

$2010 L-1

Feedstock price

0.7

$2010 L-1

HEFA

Yellow grease and
tallow

Analysis based on Pearlson et al. (see previous entry) 30,189

HEFA

Pongamia seeds

Total investment HEFA
unit

365

M$2011

Feed input

12.05

t hour-1

HEFA (NEXBTL)
Rotterdam/
Singapore
UOP/Eni Ecofining

Product yield - jet
0.44
Product yield - diesel
0.07
Product yield - naphtha 0.24

kg kg-1 feed

Production costs
(MFSP)

5.54

$2011 kg-1

670/550

M€2011/M€2010

Product yield – diesel

800000

t year-1

Total investment

368

M$2011

Product yield – diesel

500000

t year-1

Palm, Rapeseed oil, Total investment
waste fat

Animal fats, used
cooking oil and
vegetable oils
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ATJ
Crawford121

Atsonios et al.

ATJ

36

Ethanol

ATJ

Ethanol

Total investment ATJ unit

113

M$2011

Feed input

450000

t ethanol year-1

Product yield - jet

0.56

t t-1 ethanol

Production costs

1.08

$2011 L-1

Feedstock price

70

$2011 t-1

Total installed cost ATJ unit

23.445

M€2011

Feed input

472

t ethanol day-1

Production costs (MFSP)

1.27

€2011 L-1

Feedstock price

60

€2013 t-1

DSHC
Klein-Marcuschamer
et al. 35

DSHC

Sugarcane A-molasses

Total investment DSHC
unit

258.7

M$2011

Feed input

1419.6

t sucrose day-1

Product yield - jet

0.17

t t-1 feed (dm)

Production costs (MFSP) 301.35

$2011 bbleq-1

Sugar extraction
Humbird et al.123

Dilute Acid Prehydrolysis Corn
with Enzymatic
stover
Saccharification

Total investment

279.9

M$2007

Feed input

2000

t (dm) day-1

Product yield - sugar

1179

lb short ton -1

Production costs (MFSP) 0.1158

$2007 lb -1

Feedstock price

$2007 short ton -1 (dm)

58.5

Fermentation
Anex et al.112

Kabir Kazi et al.122

Dilute acid base/ Corn stover
high solids

Dilute acid base/ Corn stover
high solids/two
stage dilute acid

Total investment

380/390

M$2007

Feed input

2000

t day-1

Product yield ethanol

74.9/76.0

gal t-1 feed (dm)

Production costs
(MFSP)

3.4/3.6

$2007 gal-1

Feedstock price

75

$2007 short ton -1

Total investment

376/389/391

M$2007

Feed input

2000

t (dm) day-1

Product yield ethanol

76.3/72.5/46.8

gal t-1 feed
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Humbird et al.

123

Hamelinck et al.124

Gnansounou &
Dauriat125

Raizen Costa Pinto
plant 89

Dilute acid

Dilute acid

Dilute acid

Dilute acid
steam explosion

Corn stover

Forestry
residues

Straw/
Eucalyptus/
poplar/
switchgrass

Sugarcane
bagasse
and straw

Production costs
(MFSP)

3.4/3.6/4.38

$2007 gal-1

Feedstock price

83

$2007 t-1 dm)

Total investment

422.5

M$2007

Feed input

2000

t (dm) day-1

Product yield ethanol

79.0

gal short ton -1
(dm)

Production costs
(MFSP)

2.15

$2007 gal-1

Feedstock price

58.5

$2007 short ton -1
dm)

Total investment

~295

M€2003

Feed input

2000

t (dm) day-1

Product yield glucan
Product yield xylan
Product yield arabinan
Product yield galactan
Product yield mannan

0.40
0.35
0.35
0.39
0.39

t ethanol t-1
polysaccharide

Production costs
(MFSP)

22

€2003 GJ -1

Feedstock price

3

€2003 GJ -1

Total investment

309/290/281/ 296

M$2007

Feed input

1960/1680/ 1636/1818

t (dm) day-1

Product yield ethanol

291.3/339.9/349.0/314.1

L t-1 feed (dm)

Production costs
(MFSP)

0.73/0.56/0.76/0.77

$2007 L-1

Feedstock price

109/62/140/131

$2007 t-1 (dm)

Feed input

770

t (dm) day-1

Product yield ethanol

20

MMgal year-1
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Conversion units and physical parameters

2

Table 2-18: Densities.
Quantity

Value

Unit

Density jet fuel

0.804

kg L-1

Density diesel

0.832

kg L-1

Density naphtha

0.768

kg L-1

Density gasoline

0.740

kg L-1

Density crude oil

0.847

kg L-1

Density ethanol

0.789

kg L-1

Density FT wax191

0.774

kg L-1

Table 2-19: Feedstock composition data.
Constituent

Unit

Wheat straw192

Corn stover123

Forestry residuesi

Beet pulp132

Glucan (C6)

wt% dry weight

36%

35%

42%

23%

Xylan (C5)

wt% dry weight

19%

20%

9%

5%

Arabinan (C5)

wt% dry weight

2%

2%

1%

24%

Galactan (C6)

wt% dry weight

1%

1%

2%

6%

Mannan (C6)

wt% dry weight

1%

1%

8%

2%

Lignin

wt% dry weight

26%

16%

26%

1%

Extractives

wt% dry weight

8%

15%

2%

0%

Acids

wt% dry weight

2%

2%

2%

0%

Ash

wt% dry weight

7%

5%

0%

3%

Protein

wt% dry weight

3%

3%

0%

11%

i.

According to CEPI136, 27% of used wood in the European pulping sector is hardwood and 73% is softwood (mostly
spruce and pine). Based on these shares, a weighted average of the composition of hardwood (birch)193 and softwood
species (pine124 and spruce193) was taken.
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Table 2-20: Energy content.
Energy content

Unit

Forestry residues

19.6

MJ kg-1 (dm)

Straw184

18.0

MJ kg-1 (dm)

9.8

MJ kg-1 (80% solid content)

8.14

MJ kg-1 (50% moisture content)

36.0

MJ kg-1

184

Black liquor

114

Hog fuel114
Used cooking oil

184

Lime kiln #6 fuel oil 194

39.5

MJ kg-1

114,191

40.3

MJ kg-1

Energy density renewable jet fuel194

44.0

MJ kg-1

Energy density renewable diesel

43.2

MJ kg-1

Energy density renewable gasoline194

43.2

MJ kg-1

194

Energy density naphtha

44.9

MJ kg-1

Energy density propane194

46.3

MJ kg-1

Energy density ethanol194

27.0

MJ kg-1

Fischer-Tropsch synthetic crude

194
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Abstract
This study uses a geographically-explicit cost optimization model to analyze the impact
of and interrelation between four cost reduction strategies for biofuel production:
economies of scale, intermodal transport, integration with existing industries, and
distributed supply chain configurations (i.e. supply chains with an intermediate
pre-treatment step to reduce biomass transport cost). The model assessed biofuel
production levels ranging from 1-150 PJ yr-1 in the context of the existing Swedish forest
industry. Biofuel was produced from forestry biomass using hydrothermal liquefaction
and hydroprocessing. Simultaneous implementation of all cost reduction strategies
yielded minimum biofuel production costs of 18.1-18.2 € GJ-1 at biofuel production
levels between 10-75 PJ yr-1. Limiting the economies of scale was shown to cause the
largest cost increase (+0-12%, increasing with biofuel production level), followed by
disabling integration benefits (+1-10%, decreasing with biofuel production level) and
allowing unimodal truck transport only (+0-6%, increasing with biofuel production
level). Distributed supply chain configurations were introduced once biomass supply
became increasingly dispersed, but did not provide a significant cost benefit (<1%).
Disabling the benefits of integration favors large-scale centralized production, while
intermodal transport networks positively affect the benefits of economies of scale.
As biofuel production costs still exceed the price of fossil transport fuels in Sweden
after implementation of all cost reduction strategies, policy support and stimulation of
further technological learning remains essential to achieve cost parity with fossil fuels
for this feedstock-technology combination in this spatiotemporal context.
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Introduction

Bioenergy is expected to have a significant contribution in climate change mitigation
strategies, especially for electricity, liquid fuel and biochemical purposes.195 Whereas
traditional use of bioenergy mainly occurs locally, modern bioenergy use (for example
large-scale power, heat, chemicals and transport fuels production) requires more
complex supply chains. Besides feedstock availability and sustainability, cost-effective
mobilization and conversion of biomass is a prerequisite for the large-scale deployment
of bioenergy.
On a supply chain level, the economic performance of a bioenergy supply chain
can be optimized by strategic choices regarding production capacity, supply chain
configuration, transport modes and conversion location.196 A key factor in cost-effective
supply chain design is the trade-off between economies of scale and transport cost:
whereas higher production scales allow for cost reductions due to economies of scale,
it increases the need to mobilize biomass over larger distances and thus the upstream
transport cost.196–206 Distributed supply chain configurations (as opposed to centralized
configurations) have also been proposed to decrease the transportation cost of
biomass and allow for further upscaling.196–204 As illustrated in Figure 3‑1, distributed
configurations use an intermediate densification step early in the supply chain (e.g.
chipping, pelletization or liquefaction) to decrease transport cost, even though this
may increase the capital or operational expenditures (CAPEX or OPEX). Additionally,
intermodal transport networks based on multiple transport modes (i.e. road, rail
and river/sea transport) have been examined as a means to decrease transport cost
and unlock distant biomass supplies. 207–212 Furthermore, co-location of production at
existing industrial sites may decrease production cost when integration benefits can
be leveraged.213,214 As all of these four cost reduction strategies (i.e. economies of scale,
integration, intermodal transport and distributed supply chain configurations) are
interrelated, it is important to evaluate them simultaneously to analyze the impact of
and interrelations between the different options.
Mathematical optimization models are often used to find the optimal (e.g. least-cost)
supply chain design. Unlike techno-economic analyses, optimization models can
determine the optimal supply chain design while simultaneously considering a large
array of possible supply chain configurations, production locations, biomass supply
locations, production scales, transport modes or production locations.196 Moreover,
optimization models can include geographical heterogeneity in feedstock cost,
demand and supply.
Various recent studies have used mathematical optimization models to determine
the optimal design of bioenergy supply chains, addressing one or more of the
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Figure 3‑1: A schematic image of centralized and distributed supply chain configurations.

aforementioned cost reduction strategies. A large number of optimization studies
have looked at the optimal network structure and the number, location and size of
the conversion plants in a certain geographical context. 204,213,215–223 Most of these
studies include spatially-explicit data of feedstock supply and, to a lesser extent,
feedstock cost and (intermodal) transport networks (see Yue et al.196 for an extensive
review).204,213,215–220 Only few models, however, incorporate the option of integration with
existing industries213 or different supply chain configurations219,220, even though both
could have a large impact on supply chain design. Moreover, although competition for
feedstock and land resources has been discussed at length at a general level regarding
crop-based biofuels 224–226 and forest-based biofuels227,228, competing biomass demand
from other industries has only been considered explicitly in a few studies.213,221,222
The aim of this study is to examine the impact of and interrelation between the four
aforementioned cost reduction strategies in one optimization model. These strategies
were applied to a case study in Sweden. Sweden was chosen because of its welldeveloped forest industry (creating competing biomass demand as well as integration
opportunities), forestry feedstock potential and the ambitious vision to be one of
the first nations to completely phase out fossil fuels for transport.229,230 Moreover, the
availability of detailed spatially-explicit data in Sweden allows for relatively detailed
analysis. Although this study includes a high level of regional specificity and provides
strategic insights for the development of a biofuel sector in Sweden, it was also
attempted to generalize the findings within the boundaries of a case study.
A mixed-integer linear programming (MILP) model was developed to minimize the
sum of biofuel production costs and feedstock procurement cost for forest industries
(i.e. sawmills, stationary energy and pulp mills). Hence, unlike most other studies, this
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study does not minimize biofuel costs, but optimizes for the forestry system as a whole.
For biofuel production, forest biomass is converted to biocrude through hydrothermal
liquefaction (HTL). The biocrude is subsequently hydroprocessed to drop-in (i.e.
hydrocarbon fuels which are chemically similar to their fossil counterpart) biofuels
at sites with access to natural gas (natural gas grid or LNG terminal) or hydrogen
(refinery). These high-quality ‘advanced’ biofuels can provide high greenhouse gas
emission reductions231,232 and can be used in transport sectors for which no low-carbon
alternatives other than biomass-derived fuels are readily available, such as marine,
aviation and heavy trucking.24
Similar to pelletization or pyrolysis, HTL densifies biomass into a transportable
intermediate and can hence be used in a distributed supply chain design. HTL was
selected in this study based on its promising techno-economic performance and
integration opportunities with existing industries due to the production of excess
steam.107,116,214,231,233,234 Furthermore, it produces a biocrude of higher quality than
pyrolysis in terms of heating value, moisture content, oxygen content, and stability.231,234
The optimization model is spatially explicit in competing biomass demand,
transportation infrastructure, feedstock cost-supply data and production locations.
The optimization parameters comprised production scale, supply chain configuration,
feedstock source and type, transport mode, and production location. Furthermore, the
benefits of co-location with existing assets (i.e. sawmills, pulp and paper mills, district
heating, forestry terminals, refineries, LNG terminals and the natural gas grid) were
quantified and included in the model calculations.

3.2

Methods

3.2.1 Geographical scope
This study focuses on feedstock supply and demand within the national boundaries
of Sweden, hence excluding border effects. The Swedish forestry sector is a highly
developed sector in which a large part of the biomass supply is already utilized.
Sawlogs and pulpwood are almost completely utilized for materials (paper and sawn
goods). By-products such as stumps and forestry residues are available, but may be
restricted by mobilization constraints (e.g. by price or sustainability requirements).228,235
In 2013, biomass contributed to almost 34% (470 PJ yr-1 or 130 TWh yr-1) of final domestic
energy use.228,236 Liquid or gaseous biofuels in transport have grown significantly in
the last decade to 12% (40 PJ yr-1or 11 TWh yr-1) of final energy use in the road transport
sector. Although roughly 3.6 PJ (1 TWh) of forest biomass (mainly tall oil) is currently
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used for biofuel production, the demand for forest biomass for biofuel production was
estimated to grow by 50-97 PJ yr-1 (14-27 TWh yr-1) in 2030.228 A description of Swedish
feedstock cost-supply, competing biomass demand, potential conversion locations and
transport costs can be found in Section 3.2.4.1, 3.2.4.2, 3.2.4.3, and 3.2.4.6, respectively.

3.2.2	Supply chain scope
The scope encompasses the biofuel supply chains from feedstock production site to
blending terminal (Figure 3‑2). Forestry feedstocks are converted to biocrude through
HTL. The biocrude is consequently upgraded to diesel, gasoline and light ends using
hydroprocessing.116 In centralized supply chains, HTL conversion and upgrading occur
at the same location. In distributed supply chains HTL conversion and upgrading
occurs at different locations, thus requiring intermediate transport. Feedstocks include
both virgin feedstocks (sawlogs, pulpwood, primary forestry residues and stumps) and
by-products from the forest industry (sawmill chips and industrial by-products from
sawmills (IBS) and pulp mills (IBP)). Other by-products from the forest industry (e.g.
black liquor or tall oil) were excluded from this analysis (see for example Pettersson et
al.213). Feedstocks may be used for biofuel production or competing forest industries,
i.e. sawmills, pulp mills and the stationary energy sector to produce heat and power
(Section 3.2.4.2). HTL conversion may occur at sawmills, pulp and paper mills, forestry
terminals or sites with access to district heating systems. Upgrading or centralized
production is located at LNG terminals, refineries and sites connected to the natural
gas grid. Integration benefits from for example steam sales, by-product sales, shared
equipment or shared workforce were translated into a reduction of feedstock cost,
OPEX and/or CAPEX (Section 3.2.4.3). Biomass, biocrude and biofuel were transported
over lowest-cost intermodal routes (including road, rail and short sea transport).
Petroleum storage and blending terminals were considered the end point of the supply
chain.237,238
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Figure 3‑2: Scope of the analysis.
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3.2.3 Modelling framework
A MILP optimization model was adapted from Lin et al.215 The model was written in
GAMS using a CPLEX solver. For a defined demand for biofuels, the model optimized
total system cost for one production year within a certain set of constraints. The total
system costs were defined as the sum of the feedstock procurement cost for competing
industries (i.e. feedstock and upstream transport cost) and biofuel production costs,
which includes feedstock cost, transport cost for the upstream, intermediate and
downstream portions, and cost of conversion (CAPEX and OPEX). Modelling parameters
and constraints are given in Table 3‑1. The employed model resolutions are listed in
S3.1.

Table 3‑1: Modelling parameters and constraints.
Modelling parameters

Modelling constraints

• Number, location and size of biofuel/biocrude

• Biomass supply

production plants
• Supply chain configuration (centralized and distributed)
• Material flows (forestry feedstock, biocrude and biofuel)

• Maximum production scale at a production site
• Amount of material and steam transfer at a
production site

to biofuel production plants and competing industries
• Steam and/or material transfer at a production site
• Transport mode

3.2.4 Input data
This section discusses key input data. Additional input data can be found in S3.2
and S3.3. All energy quantities were based on lower heating value. Plant capacities
indicate actual capacity, not nameplate capacity. A load factor of 90% was used to
relate nameplate capacity and actual capacity.116 All costs are given in €2015. Employed
conversion factors can be found in S3.4.

3.2.4.1 Feedstock supply and price distribution
The aggregated feedstock supply and cost distribution is shown in Table 3‑2. A spatiallyexplicit bottom-up approach was applied to define the harvesting costs and theoretical
supply potential for sawlogs from final felling and thinning, pulpwood from final felling
and thinning, forestry residues from final felling and thinning and stumps from final
felling. For harvesting residues and stumps a number of restrictions were implemented
on the theoretical potentials to give the ecological potential, as described in Lundmark
et al.239 The results from Lundmark et al. were updated to 2015 using more recent
scenarios240,241, which particularly decreased the potential for stumps. The feedstock
supply potential was aggregated at a half-degree spatial resolution (Figure 3‑3).
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Figure 3‑3: Supply of forest biomass, industrial by-products and sawmill chips.
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Available quantities of sawmill chips, IBS and IBP were correlated to the production
capacities of pulp mills and sawmills using generic yield factors. 242–247 Imports and
exports of biomass were not explicitly considered in the model. Instead, the industrial
wood demand was calibrated using trade statistics from the Swedish Forest Agency.248
As the imports (of which the main part consists of pulp wood) exceed the exports,
the net imports of biomass were deducted from the total wood demand, i.e. all pulp
mills and sawmills were assumed to use an equal share of imported wood. The costs
of virgin biomass was converted into roadside prices using a calibration factor which
was determined from bioenergy and stemwood price statistics.249,250 Prices for sawmill
chips, IBS and IBP were kept constant across Sweden.251,252 S3.5 contains a geographical
distribution of the feedstock price.
Table 3‑2: Aggregated supply and price distribution of biomass assortments.
Biomass assortments

Total supply (PJ yr-1)

Roadside price (€ GJ -1)

Average

Standard
deviation

Calibration factor to
convert roadside cost
to price

Sawlogs

321

5.96

0.44

2.23

Pulpwood

248

4.23

0.30

1.48

Forestry residues

111

4.18

0.45

1.39

Stumps

58

5.94

1.13

1.39

Sawmill chips

87i

3.06

0

-

Industrial by-products from
sawmills (IBS)

63i

2.78

0

-

Industrial by-products from
pulp mills (IBP)

5i

2.78

0

-

Total

893

i.

Yield factors of 5.41 GJ sawmill chips per m3 sawn wood and 3.93 GJ IBS per m3 sawn wood were used.242 The production
of IBP was estimated based on information from the environmental database of the Swedish Forest Industries
Federation (SFIF).246

3.2.4.2 Competing industrial biomass demand
Competing demand for biomass from pulp mills, sawmills and stationary energy sector
were considered spatially explicitly in the model (Figure 3‑4). Sawmills and pulp mills
use forestry feedstocks for material and process heat purposes. The stationary energy
sector utilizes forestry feedstocks to produce heat and power. The demand sectors
with the respective biomass assortments they use are listed in Table 3‑3. From Figure
3‑3 and Figure 3‑4 it can be observed that biomass supply and competing demand
is particularly high in the southern part of Sweden and along the coastline. The
demands are described statically on an annual basis (seasonal differences in demand
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were not taken into account here), based on production and demand in the reference
year 2015.245–248,253,254 Heat demand from sawmills and pulp mills could be met in the
model by integration with an HTL plant, by using (a share of) the industrial by-products
available on-site or by transporting biomass to the industrial site. For sawmills and
pulp mills, a boiler conversion efficiency of 80% and 90% (on energy basis) were used,
respectively.
Table 3‑3: Aggregated biomass demand for biofuel production, sawmills, pulp mills and the stationary
heat sector in Sweden and the corresponding biomass assortments that are used in these sectors.
Biomass assortments
Aggregated
biomass
demand (PJ yr-1)
Sawlogs Pulpwood

Forestry
residues

Stumps

Sawmill IBS IBP
chips

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

Competing industry
Sawmills (sawn products)

247

x

Pulp mills (pulp)

304

x

Stationary energy sector

103

Saw mills (heat demand)

14

Pulp mills (heat demand)

28

Total

696

Biofuel production

Variable

x

x
x

x

Figure 3‑4: Biomass demand for (process) energy purposes and material purposes (pulp and sawn products)
in stationary energy plants, pulp mills and sawmills.

3

94

|

Chapter 3

3.2.4.3 Production locations and blending terminals
Figure 3‑5 visualizes the potential production locations for HTL, upgrading and
centralized plants as well as blending terminals. The production locations were
selected based on the availability of essential utilities (natural gas or hydrogen) and/
or integration opportunities, which may include a reduction of feedstock cost, OPEX
and/or CAPEX depending on the production location (Table 3‑4). Only refineries with
a steam methane or catalytic reformer were included, as these are able to produce
(excess) hydrogen. Production locations near a natural gas grid were localized at the
center of those municipalities connected to the natural gas grid. Figure 3‑5 shows
HTL plants may be located throughout the country, while upgrading locations and
blending terminals are confined to the southern part of the country and some sites
along the coastline. Moreover, the number of included HTL conversion locations (366)
considerably exceeds the number of upgrading sites (37).
Sites with storage facilities for petroleum products were used as a proxy for sites with
blending capacity.237,238 The size of the terminal was taken to be a measure of fuel
demand in the region and was used as a constraint on the maximum supply to this
terminal. Based on the oil handling capacity of the terminal, the maximum biofuel
blending capacity of the terminal was categorized into four groups: 0.2 PJ yr-1 (7), 1 PJ
yr-1 (14), 50 PJ yr-1 (3) and 400 PJ yr-1 (2). It was assumed that 50% of the storage capacity
could be used for biofuel blending and storage operations.

Figure 3‑5: Production locations for upgrading (left), centralized plants (left), blending terminals (left) and
HTL conversion (right).

3.2.4.4 Integration benefits
Cost benefits from integration were determined on a high-level basis and generalized
for each type of production location (Table 3‑4). Steam sales and by-product purchases
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are cash flows between biofuel production and host industries. Whereas these transfers
do not directly affect the total system costs (as the cash flows cancel each other out),
they have an indirect impact since they liberate on-site low-cost by-products for
biofuel production, and decrease biomass purchases or increase by-product sales for
sawmills and pulp mills. Steam sales to refineries and district heating systems were
deducted from the biofuel production costs. Co-location benefits (e.g. shared work
force, buildings and service facilities) were calculated using the approach proposed
by De Jong et al.214 At conversion locations with feedstock handling infrastructure in
place, the CAPEX for handling infrastructure was reduced by 50%. For co-location with
refineries, hydrogen is assumed to be bought from the refinery, hence eliminating the
need for a steam methane reformer (SMR). Offgases from upgrading were assumed not
to be recycled in this case, contrary to other upgrading locations. Example site layouts
for integration with a sawmill and a refinery are provided in S3.6.
Material and steam integration benefits were constrained based on the capacity of
individual production locations. Steam demand was capped at the heat demand at
individual production locations (Figure 3‑4). Heat transfer to district heating systems
was limited to a site-specific heat demand (capped at 10 MW) and load factor. 253
Refinery steam demand was estimated using the average ratio of steam use to crude
oil processing capacity of US refineries over the last decade (2006-2015).260,261 It was
assumed that steam could not be valorized at forestry terminals, LNG terminals or
locations connected to the natural gas grid. The transfer of by-products at sawmills
and pulp mills was constrained by its availability (Section 3.2.4.2 and Figure 3‑3). The
maximum amount of hydrogen transferred at refineries was assumed to be 10% of
the available hydrogen on-site.256 The availability of natural gas at LNG terminals was
assumed to be constrained at ten times the nominal LNG storage capacity. 255 No cap
was placed on the availability of natural gas at sites connected to the natural gas grid.

3.2.4.5 Techno-economic input data and economies of scale
Data for biofuel production through HTL is based on a process design, mass and energy
balances, and equipment costs provided by Zhu et al.116 (goal case). The Standardized
Cost Estimation for New Technologies (SCENT) method was used to calculate the
production costs from the data provided by Zhu et al.102 The production costs vary
for each type of production location due to integration benefits (Table 3‑5). The total
costs in Table 3‑5 are given for selected production capacities and do not include
feedstock costs, transport costs and potential steam sales. A more detailed breakdown
of production costs is available in S3.2.
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Table 3‑4: Material/steam exchange and CAPEX/OPEX benefits per type of production location.
Type of
production
location

Ref.

Integration type

Material/steam exchange
Flow

CAPEX/OPEX benefitsi

Priceii

Maximum
transfer
quantity
(range due to
site-specificity)

€ GJ -1

PJ yr-1

Natural gas

8.02

Not capped

-

Unit
Centralized
HTL &
Upgrading

Natural gas grid
LNG terminal

255

LNG

8.02

1.0-6.0

-

Refinery

237,256, iii

Hydrogen

19.2

2.2-16

Use of existing SMR
Co-location benefitsv

Forestry terminal

257,258

-

Pulp and paper
mill

245,247

IBP
Steam

2.78
3.48

0-1.4
0-2.6

Shared feed handling
infrastructure
Co-location benefitsv

Sawmill

246,254

IBP
Sawmill chips
Steam

2.78
2.78
3.48

0.01-2.4
0.02-3.3
0-0.56

Shared feed handling
infrastructure
Co-location benefitsv

District heating

253, iv

Distributed
HTL

Upgrading

i.
ii.

iii.
iv.
v.

Natural gas

Shared feed handling
infrastructure

Steam

3.48

0.16-0.29

-

Natural gas

8.02

Not capped

-

LNG terminal

255

LNG

8.02

1.0-6.0

Refinery

237,256, iii

Hydrogen
Steam

19.2
10.0

2.2-16
0.7-1.9

Use of existing SMR
Co-location benefitsv

Quantification of the CAPEX/OPEX benefits is discussed in Section 3.2.4.5 and Table 3‑5.
The price for steam was approximated by assuming the current value is represented by the feedstock price of industrial
by-products (2.78 € GJ-1) or, in case of refineries, natural gas (8.02 € GJ-1) and a boiler efficiency of 0.8 GJ steam per GJ
biomass. The Swedish natural gas price was taken from Eurostat.140 The hydrogen price was calculated based on a fixed
(3.37 € GJ-1 hydrogen) and a variable portion (1.97 € GJ-1J hydrogen per € GJ-1 natural gas), taken from the NREL H2A
study (Central Natural Gas design).259 The LNG price is set similar to the natural gas price, as calculations of the LNG
price based on either Norwegian or Henry Hub natural gas prices yielded lower prices than Swedish natural gas prices.
Hydrogen production at the Gothenburg (ST1) and Nynäshamn refinery was estimated using the Gothenburg (Preem)
hydrogen per barrel oil input ratio. 256
Only district heating systems with a substantial load factor (>4500 h yr-1) and base heat load (>10 MW) were considered.
Exchange of heat was capped at 10 MW.
These include benefits of a plant co-located with a processing plant (i.e. sawmill, pulp and paper mill or refinery) relative
to a greenfield plant, such as reduced cost for buildings, service facilities, operating labor (shared workforce), and local
taxes. These benefits reduce the CAPEX by 7.2% and labor cost by 41%, see also De Jong et al.214 and S3.2.

8.53

Scale-independent conversion € GJout-1
costs

Scale-dependent conversion
costs

i.

2.03

2.21

€ GJout-1

Total production cost (OPEX
+ CAPEX)i

7.92

5.83

7.92

2.03

10.0

5.83

8.70

2.21

10.9

6.39

4.53

83.9

16.9

0.007

0.10

0.79

Biocrude

8.80

2.00

10.8

6.23

4.58

89.8

18.0

0.16

0.014

1.06

Biofuel

Biocrude

8.80

2.00

10.8

6.23

4.58

89.8

18.0

0.16

0.014

1.06

Biofuel

Biocrude

LNG
terminal

Excluding feedstock costs, upstream transport cost and potential steam sales, but including hydrogen and natural gas costs.

6.31

4.12

76.4

16.5

0.007

0.10

0.79

Biocrude

Biomass

Natural
gas grid

6.05

3.47

9.5

6.37

3.15

61.7

13.4

0.15

0.007

1.06

Biofuel

Biocrude

Refinery

15.9

3.64

19.5

11.2

8.26

162

32.5

0.06

0.049

0.84

Biofuel

Biomass

Natural
gas grid

Biofuel

Biofuel

15.9

3.64

19.5

11.2

8.26

162

32.5

0.06

0.049

13.0

5.46

18.4

11.7

6.75

132

28.6

0.15

0.021

0.09

0.84

Biomass

Biomass

0.84

Refinery

LNG
terminal

|

€ GJout-1

10.0

10.7

€ GJout-1

4.12

4.44

Operational expenditures
(OPEX)i

16.5
76.4

€ GJout-1

16.5
82.3

Annualized total Capital
investment (CAPEX)

GJ GJout-1

Hydrogen requirement

0.007

M€

GJ GJout-1

Natural gas requirement

0.007

0.10

0.79

M€

GJ GJout-1

Net electricity requirement

0.79

Total Purchased Equipment

GJ GJout-1

Steam production

Biocrude

Total Capital Investment

GJout GJin-1

Yield

Process data

Biocrude

Output

Biomass

Biomass

Biomass

Input

District
heating

Sawmill

Pulp mill

Forestry
terminal

Production location

Biomass input: 2.75 PJ yr-1 (87 MW,
19 t h-1)

Biocrude input: 2.18 PJ yr (69 MW,
7.6 t h-1)

Biomass input: 2.75 PJ yr (87 MW, 19 t h )

HTL conversion and upgrading
-1

HTL conversion
-1

Centralized supply chain
Upgrading

Distributed supply chain

Reference capacity

Unit
-1

Cost item

Table 3‑5: Techno-economic data at selected capacities.
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Due to synergies between the HTL and upgrading plants (i.e. exchange of offgases
and shared utilities, Figure 3‑6), the sum of the costs for separate plants (in case of
a distributed supply chain) is larger than the total cost of a centralized facility, even
when considering integration benefits. The liquefaction process and the waste water
treatment produce offgases which can be used to produce electricity and (excess)
steam (distributed case or centralized refinery case) or to partially fuel the SMR
which produces hydrogen for the upgrading process (centralized natural gas or LNG
terminal case). The excess steam produced in the former cases can be exported to host
industries. Upgrading in the distributed supply chain thus requires additional natural
gas input for hydrogen production, compared to the centralized scenarios which partly
use HTL offgases.

Figure 3‑6: Process configurations for centralized and distributed production, adapted from Zhu et al.116

The scale-dependent behavior of conversion costs was approximated using the power
law.105 Scaling factors for process units range between 0.60-0.79 (S3.2).105,114,116 A maximum
scale was applied to the HTL reactor, SMR and hydrotreater. Multiple units were built in
parallel once the maximum scale for a particular unit is reached. The maximum scales
were based on previously reported limits for liquefaction units and scaling curves for
SMRs and hydrotreaters.105,231,262 For implementation in the MILP model, the non-linear
power law was approximated by a piecewise linear function.215 The power function was
divided into three linear functions with breaks at the maximum input capacity of a HTL
reactor (2.75 PJ yr-1, 87 MW) and an SMR (39.3 PJ yr-1, 1246 MW). Remaining equipment
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(i.e. utilities, hydrotreater, hydrocracker, biomass conditioning and feedstock handling
equipment) was scaled up to the maximum scale of production at one site, which was
aligned with the maximum input scale of a hydrotreater (73.1 PJ yr-1, 2318 MW). This
scale is less than half the input capacity of a small oil refinery, such as the ST1 refinery
in Gothenburg (174 PJ yr-1), but much larger than a large Swedish pulp mill (~21 PJ yr-1).
Please note that the data in Table 3‑5 is presented for a specific capacity; upscaling
reduces the difference between distributed and centralized production, as the scaledependent costs decrease with size. An example scaling curve is provided in S3.2.

3.2.4.6 Transport costs
Transport costs of solids (biomass) and liquids (biocrude and biofuel) were pre-optimized
using geographically explicit intermodal transport model that runs in the Network
Analyst extension of ESRI’s ArcGIS. The geodatabase of the transport model consisted
of transport network layers for road263, rail264 and short sea shipping265 (S3.3). Swedish
forest biomass terminals and sea ports were used as intermodal terminals.257,265,266
For each commodity, the Network Analyst tool constructs origin-destination (OD)
cost matrices for least-cost paths along the intermodal transport network between
all possible supply nodes and demand nodes, based on mode- an feedstock-specific
parameters shown in Table 3‑6. S3.3 contains the underlying assumption regarding
fuel consumption and prices, variable costs and fixed costs.
Table 3‑6: Transport cost parameters.
Parameter

Unit

Road

Rail

Sea

Forestry residues and stumps € GJ -1km-1 (€ t-1 km-1)
(chipped)

0.0097 (0.162)

0.0008 (0.013)

0.0004 (0.006)

Industrial by-products (IBS,
IBP and sawmill chips)

€ GJ -1km-1 (€ t-1 km-1)

0.0097 (0.162)

0.0008 (0.013)

0.0004 (0.006)

Sawlogs and pulpwood

€ GJ -1km-1 (€ t-1 km-1)

0.0097 (0.162)

0.0008 (0.013)

0.0004 (0.006)

Biocrude

€ GJ km (€ t km )

0.005 (0.162)

0.0002 (0.008)

0.0002 (0.007)

Biofuels

€ GJ -1km-1 (€ t-1 km-1)

0.004 (0.162)

0.0002 (0.008)

0.0002 (0.007)

Forestry residues and stumps € GJ -1 (€ t-1)
(chipped)

0.31 (5.11)

0.53 (8.93)

0.29 (4.85)

Industrial by-products (IBS,
IBP and sawmill chips)

€ GJ -1 (€ t-1)

0.16 (2.71)

0.53 (8.93)

0.39 (6.48)

Sawlogs and pulpwood

€ GJ -1 (€ t-1)

0.12 (1.99)

0.48 (8.04)

0.39 (6.48)

Biocrude

€ GJ -1 (€ t-1)

0.04 (1.39)

0.1 (3.26)

0.35 (11.53)

Biofuels

€ GJ (€ t )

0.03 (1.31)

0.08 (3.08)

0.27 (10.89)

Transport cost

-1

-1

-1

-1

Loading or unloading costi

i.

-1

-1

Loading and unloading cost are assumed to be similar.
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3.2.5	Base scenario and alternative scenarios
The model was evaluated for a range of total biofuel production levels (1, 5, 10, 15, 30,
50, 75, 100, and 150 PJ yr-1). This can be compared to current total fuel consumption
for road transport in Sweden, which amounts to approximately 320 PJ yr-1. Scenario VI
and VII were run up to 100 PJ yr-1 only, as there was no feasible solution for 150 PJ yr-1
due to biomass supply constraints. The Base scenario run includes competing demand,
centralized and distributed supply chain configurations, all integration benefits, and
intermodal transport. Alternative scenarios were run to isolate the role of different
cost reduction strategies and examine the impact of competing demand and biomass
supply:
I.

Base scenario.

II.

Reduced maximum capacity. The maximum input capacity per site was set to
7.31 PJ yr-1 (232 MW), i.e. 10% of the initial value, to explore the impact of limiting
economies of scale. This scale is roughly the size of an average Swedish pulp mill,
but relatively large compared to current cellulosic ethanol plants.267

III. Centralized supply chain configurations only. Only centralized supply chain
configurations were allowed in the model solution.
IV. Distributed supply chain configurations only. Only distributed supply chain
configurations were allowed in the model solution.
V.

No integration benefits. In this scenario all integration benefits listed in Table 3‑4
were disabled, except the exchange of industrial by-products. OPEX and CAPEX
profiles from district heating sites (HTL conversion), LNG terminals (upgrading) and
LNG terminals (centralized facilities) were adopted for other production locations.

VI. Low biomass supply. Total biomass supply of virgin feedstocks (i.e. stumps,
forestry residues, sawlogs, and pulpwood) was diminished by 10% to analyze a
scenario in which biomass supply decreases. Supply of industrial by-products and
sawmill chips remained unaltered.
VII. High competing demand. Competing demand and the production of industrial
by-products was increased by 10% to analyze a scenario in which competing
demand increases.
VIII. Road transport only. Only road transportation (by truck) was allowed for solid
biomass and biocrude. Downstream logistics of biofuels could still occur through
road, rail or short sea transport. This scenario was used to explore the impact of
introducing intermodal transport.
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Results

3.3.1	Base scenario results
Figure 3‑7 shows the cost breakdown for the Base scenario. The figure describes a sharp
downward cost trend at first, which is counteracted by an upward tail after 15 PJ yr-1at
which the cost are lowest (18.1 € GJ -1). The initial cost decrease is mainly due to a decline
in CAPEX; the upward tail is mainly caused by increased feedstock costs and upstream
transport cost. The upward tail is shallow; the cost difference between 15 and 150 PJ
yr-1 is only 0.8 € GJ-1. The share of upstream cost never exceeds 10% and declines after
distributed supply chain designs are introduced beyond 100 PJ yr-1 (Figure 3‑8). The
contribution of downstream distribution or intermediate transport cost is negligible.
Whereas feedstock procurement cost for sawmills are moderately affected in the Base
scenario (+2%), procurement cost for pulp mills (+7% for pulpwood demand and +24%
for heat demand) and stationary energy plants (+11%) increase significantly at 150 PJ
yr-1 relative to the reference level with no biofuel demand, because they use the same
(inexpensive) feedstocks as biofuel production. Sawmill heat demand is exclusively
met by on-site sawmill by-products and do not incur a cost to the sawmill.
Figure 3‑8 visualizes the production locations in the Base scenario for six different biofuel
production levels. It shows that centralized production at the southwestern refineries
is preferred at all levels due to high feedstock availability and significant integration
benefits. The Base scenario solution does not include HTL conversion at district heating
sites or forestry terminals due to lower integration benefits compared to sawmills and
pulp and paper mills. The locations of the HTL plants, however, vary with the biofuel
production level and cannot be explained by exceptional site-specific benefits,
indicating there is no robust preference for particular HTL locations. Even though LNG
terminals might be closer to HTL locations, natural gas upgrading plants are preferred
over LNG terminals as the former allow for higher production scales since the supply
of natural gas is constrained at LNG terminals (at 6-39 PJ yr-1 biofuel for upgrading
plants and 17-101 PJ yr-1 biofuel for centralized plants). With the inclusion of a natural
gas upgrading plant instead of a refinery upgrading plant at 150 PJ yr-1, conversion cost
increase (due to the need for an SMR), while the average cost for hydrogen/natural gas
purchases decrease.
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Figure 3‑7: The biofuel production costs and feedstock procurement costs (i.e. feedstock and upstream
transport costs) for competing industries for the Base scenario.

Figure 3‑8 also shows a gradual expansion with rising biofuel production levels to
the north of the country because of lower feedstock utilization rates. Industrial byproducts and sawmill chips (not shown in Figure 3‑8) are used first due to their low
roadside price. From 15 PJ yr-1 onwards, pulpwood, forestry residues and sawmill chips
are increasingly used for biofuel production because of relatively low roadside prices
and moderate loading/unloading costs. This instigates a shift towards the use of more
sawlogs and pulpwood in pulp mills. From 75 PJ yr-1 onwards, stumps are increasingly
utilized, particularly for stationary energy and biofuel production. Even though the
majority of unutilized feedstock supply is located in the north, it is only used at higher
biofuel production levels, as the feedstock is also more expensive to mobilize and
further away from locations where large-scale upgrading is possible.
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Figure 3‑8: Production locations and feedstock use in the base scenario at different biofuel production
levels.

3.3.2	Alternative scenarios
Figure 3‑9 gives an overview of the number and type of plants and the average biofuel
production costs for each scenario considered.
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Figure 3‑9: An overview of the number of plants and average biofuel production costs for different biofuel
production levels.

3.3.2.1 Large scale versus small scale
All scenarios show the expected cost profile with increasing biofuel production levels; a
rapid cost decline at small biofuel production levels due to economies of scale followed
by an upward tail beyond the optimum. Between the optimum and the maximum
plant output capacity (61.2 PJ yr-1, 1941 MW), the upward tail is typically caused by
increasing feedstock cost and/or upstream transport cost. Despite the upward tail, no
additional plants are built before the maximum capacity is reached in the Base scenario,
indicating that an optimum scale is a local optimum instead of a general optimum,
depending on feedstock price, feedstock availability and integration benefits. Beyond
the maximum capacity, additional (distributed) plants are built at less suitable locations
which increase the CAPEX and feedstock cost while decreasing transport costs. Similar
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dynamics are visible in the Centralized only and No integration benefits scenarios. In
these scenarios medium-sized plants (input capacity >30 PJ yr-1, 951 MW) also dominate
the model solutions at higher biofuel production levels.
Scenarios in which economies of scale are restricted (Reduced maximum capacity),
transport is more expensive (Road only) or distributed supply chain configurations
are adopted (Distributed only) show a similar dominance of economies of scale at
low production scales, but deviate from the aforementioned dynamics thereafter.
Compared to the base scenario, the Reduced maximum capacity scenario shows a rise
in biofuel production cost of 0-12%, with an increasing trend towards higher biofuel
production levels. The upward tail in the Reduced maximum capacity scenario is mainly
caused by rising feedstock cost and higher conversion cost, because less suitable sites
need to be introduced as the biofuel production level increases. The Road only scenario
shows a much steeper upward tail and the introduction of multiple plants at a lower
biofuel production level (30 PJ yr-1) due to increased transport cost. The Distributed
only scenario shows a cost optimum at higher biofuel production levels (75 PJ yr-1)
because distributed designs temper the effect of increasing upstream transport cost;
the upward tail is mainly caused by increasing feedstock cost.

3.3.2.2 Distributed versus centralized supply chains
In the Base scenario, centralized supply chain configurations prevail at biofuel
production levels below 75 PJ yr-1. The introduction of distributed supply chains at
100 PJ yr-1 is marked by lower feedstock and transport cost, but higher conversion
cost. At the highest biofuel production level, almost 80% of the biofuel volumes are
supplied through distributed supply chains. Centralized supply chains are preferred
over distributed configurations, mainly because the latter show higher conversion cost
due to the loss of synergies between the HTL plant and the upgrading plant (i.e. offgas
integration and shared utilities), even including integration benefits. These additional
costs outweigh the benefits of distributed configurations (i.e. lower upstream transport
cost or access to lower-priced feedstocks). Distributed supply chains emerge at higher
biofuel production levels, as upscaling reduces the difference between distributed
and centralized production, while the share of upstream transport costs increases.
Furthermore, at higher production levels well-sited locations are already taken and
the biomass supply becomes increasingly dispersed and expensive. Consequently, the
value of distributed configurations becomes more pronounced. Limiting economies
of scale (Reduced maximum capacity) and higher transport cost (Road only scenario)
leads to the introduction of distributed configurations from 30 PJ yr-1 and 75 PJ yr-1
onwards, respectively.
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By allowing distributed supply chain configurations in the model solution, the Base
scenario yields insignificant cost reductions (<1%) relative the Centralized only scenario.
The Distributed only scenario shows 5% higher production costs compared to the Base
scenario at a low biofuel production level, which fades at higher biofuel production
levels. Figure 3‑10 shows that upgrading remains centered in the southwest of Sweden
in the Base scenario and Distributed only scenario. It is, however, only cost-effective
to have multiple upgrading plants in one area (e.g. a refining cluster) if additional
biomass is efficiently transported from elsewhere (e.g. by distributed supply chains).
No significant variation was found in feedstock utilization rates.
Figure 3‑1 shows distributed supply chains may be linear-type (i.e. one pre-treatment
plant supplying one upgrading plant) or hub-and-spoke-type (i.e. multiple pretreatment plants supplying one or more upgrading plants). Both types aim to decrease
the upstream transport cost. Whereas both types incur additional cost due to the loss
of synergies between the HTL and upgrading plant, the hub-and-spoke-type also
experiences a loss of economies of scale. For this reason, linear-type distributed supply
chains emerge at lower biofuel production levels while hub-and-spoke-type supply
chains are introduced once the biofuel production level allows multiple medium-sized
HTL plants (input capacity >10 PJ yr-1, 317 MW) to be built.

3.3.2.3 Competing demand and the merits of integration
Biofuel production may be impeded by competition over biomass with existing forest
industries, but may also profit from integration benefits with the same forest industries.
The No integration scenario shows higher production costs than the Base scenario
(+1-10%, decreasing with biofuel production level). As conversion costs have a higher
share in the total production cost at small scales, CAPEX/OPEX benefits are particularly
pronounced at smaller scales. Moreover, eliminating the integration benefits increases
the additional cost for distributed relative to centralized configurations, causing
centralized plants to dominate the No integration scenario. The material and energy
integration benefits included in this study are valid on a small to medium scale. Cost
reductions due to integrations benefits are, however, modest compared to the overall
production costs and benefits of economies of scale. The production of by-products
at pulp mills and sawmills provides 5.8 and 1.4 PJ yr-1 of by-products, respectively, at
maximum. Similarly, steam integration at sawmills, district heating and pulp mills can
be utilized at biomass input capacities of 7.2, 3.8 and 34 PJ yr-1 at maximum, but provide
a marginal cost reduction (0.36 € GJ-1 biofuel). For refineries, steam integration can be
utilized at input capacities up to 9-25 PJ yr-1and provides a slightly higher cost reduction
due to a higher heat transfer price (0.92 € GJ-1 biofuel).

Cost optimization of biofuel production

|

107

3

Figure 3‑10: Production locations and feedstock utilization rate for the Base scenario, Centralized only
scenario and Distributed only scenario at 1, 50 and 150 PJ yr-1.

Integration benefits, if sufficiently large, may outweigh increased feedstock
procurement cost at particular locations. For example, whereas the Base scenario mainly
showed refinery locations, the No integration scenario strictly includes locations with a
connection to the natural gas grid or LNG terminals, indicating the latter locations are
better sited in terms of biomass supply.
The impact of increased competition over feedstock was tested in the High competing
demand and Low biomass supply scenarios. These scenarios show marginally higher
biofuel production costs (+0-6%, increasing with biofuel production level) relative to
the Base scenario, because more expensive feedstocks are used and feedstocks are
transported over larger distances. Feedstock procurement cost for competing industries
for these two scenarios also rise by 0-18% relative to a similar biofuel production level
in the Base scenario. Stationary energy plants and pulp mills (heat demand) were most
affected. It is shown that the amount, type or size of plants built in both scenarios
roughly represents the dynamics of the Base scenario.
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3.3.2.4 Intermodal transportation networks
Intermodal transport allows for lower transportation costs over large distances, thereby
providing access to cheaper feedstocks. Relative to the Base scenario, the Road only
scenario is characterized by higher overall production costs (+0-6%, increasing with
biofuel production level) due to higher feedstock and intermediate transport cost,
but roughly similar upstream transport costs. The Road only scenario increases the
cost of feedstock mobilization, which causes a switch to nearby but more expensive
feedstocks (e.g. stumps). Figure 3‑9 and Figure 3‑11 also shows that the Road only
scenario leads to a more decentralized system with more, smaller and more dispersedly
located production plants.

Figure 3‑11: Production locations and feedstock utilization rate for the Road only scenario at a biofuel
production level of 150 PJ yr-1.

3.4	Discussion
3.4.1 The impact of cost reduction strategies
This study explored the impact of economies of scale, integration, intermodal
transport and distributed supply chain configurations on the cost performance of
biofuel production. In the Base scenario, in which all cost reduction strategies were
included, minimum biofuel production cost of 18.1-18.2 € GJ-1 were obtained for biofuel
production levels between 10-75 PJ yr-1. Both at lower and higher biofuel production
levels production cost increase. Below 10 PJ yr-1 smaller units are built which increase
conversion cost significantly. Beyond 75 PJ yr-1increased feedstock and upstream
transport cost are the main cause of rising cost. However, biofuel production costs rise
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only modestly between biofuel production levels of 10-150 PJ yr-1. Similar cost profiles
were obtained in previous studies. Least-cost output capacities for various conversion
technologies were found in a broad range between 4-67 PJ yr-1 (127-2125 MW), with an
average at 21 PJ yr-1 (666 MW).202,268–272,ha
The minimum cost are still higher than current (2015) fossil fuel pump prices in Sweden
of 14-15 € GJ-1 (taxes excluded).273 Hence, besides implementing all four cost reduction
strategies, policy support and further technological learning is still required for biofuels
produced from HTL to achieve cost parity with fossil fuels in this spatiotemporal context.
The impact of individual cost strategies was analyzed in alternative scenarios. Limiting
the economies of scale (Reduced maximum capacity scenario) was shown to cause
the largest cost increase relative to the Base scenario (+0-12%, increasing with biofuel
production level), followed by disabling integration benefits (+1-10%, decreasing
with biofuel production level) and allowing unimodal truck transport only (+0-6%,
increasing with biofuel production level). Please note that the cost reductions cannot
be added as the strategies are interrelated: disabling integration benefits favors largescale centralized production, while intermodal transport networks positively affect the
benefits of economies of scale.
Distributed supply chain configurations were introduced in the Base scenario once
biomass supply became increasingly dispersed (at biofuel production levels beyond
100 PJ yr-1), but did not provide a significant cost benefit (<1%) over the production
costs found in the Base scenario or Centralized only scenario. Reducing the maximum
production capacity (Reduced maximum capacity scenario) and increasing the cost
of transport (Road only scenario) instigated a preference for distributed supply chains
at biofuel production levels of 30 and 75 PJ yr-1, respectively. Two previous analyses
using techno-economic analyses found a similar transition point at output capacities
between roughly 30-60 PJ yr-1.203,204 Hub-and-spoke-type distributed supply chains
require large benefits from upstream transport cost reductions, economies of numbers,
or site-specific integration benefits to offset the loss of economies of scale. Linear-type
distributed supply chains may be preferred over centralized supply chains in cases
where a high distance between the location of biomass supply and end use justifies
additional CAPEX and/or OPEX (e.g. electricity generation in Europe using overseas
(pelletized) biomass197,199,201).

h
This range was obtained from six studies. Most of these studies assume a homogeneous feedstock density. Generally,
a generic participation rate was assumed to represent competing demand for land and feedstock. A large variety in
assumed feedstock densities (4-673 t km -2) was found to be a main contributor to the broad range in least-cost capacities.
The feedstock density used in this study ranges from 2-396 t km -2 (average 120 t km -2). This density was calculated before
competing demand was deducted (only 22 % of the total feedstock was available for biofuel production).
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3.4.2 Key uncertainties
The relative differences between cost reduction strategies are small and the impact of
individual strategies on the overall production costs is modest. As such, it is important
to discuss the impact of key uncertainties.
The impact of economies of scale is highly dependent on the scaling factor and
assumed maximum capacity. While production input scales beyond 30 PJ yr-1 (951 MW)
dominate model solutions at higher biofuel production scales, the technical feasibility
and the economic benefits of upscaling have yet to be confirmed. The input capacity
of the largest Swedish pulp mill is roughly 21 PJ yr-1 (666 MW); the largest lignocellulosic
biofuel (ethanol) plants are even smaller (~5 PJ yr-1, 159 MW).267 HTL is still in the early
demonstration phase.28,234 Given the commercialization status and the associated risk
profile of HTL, investor appetite to build large-scale plants in the near future will likely
be low, especially if the overall fuel costs are not substantially lower than fossil fuels.
Hence, it is more likely that small-scale plants will be built in the near future before larger
scales can be targeted. The Reduced maximum capacity scenario (constraining input
capacity to 7.31 PJ yr-1 or 232 MW) shows that limits on the benefits of economies of scale
may particularly increase the value of distributed configurations. Also, it is expected
that integration benefits will have a large impact in the first phase. Depending on the
development of biomass supply and competing demand, (policy/industry) strategies
focused on further upscaling (i.e. scale-dependent learning) and the development of
an intermodal transport network will likely contribute to further cost reductions. As the
biomass surplus fades, the merits of distributed supply chains become more profound
and may be employed to gradually scale-up existing upgrading plants.
The model contains a relatively high degree of spatially-explicit detail regarding
competing demand, transport network and production locations. The spatial resolution
of biomass supply and price data (half-degree) is relatively coarse and can be improved.
While adding detail may instigate a clearer preference for particular production
locations, which may be of interest to industry stakeholders, it is not expected to
alter the merit of the cost reduction strategies. The addition of international biomass
trade, however, may alter domestic cost-supply curves, likely strengthening the trend
towards large-scale conversion plants, especially near sea ports. As the additional
conversion cost of distributed relative to centralized configurations is decisive for the
trade-off between both configurations, more detailed quantification and optimization
of the cost performance of different pre-treatment technologies is recommended.
Whereas integration benefits between biofuel production and existing industries were
constrained on a site-specific level, the character and monetary value of integration
benefits was generalized for each type of production location. As a result, a robust
preference was found for the type of host site (i.e. refineries), but a low convergence was
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observed for preferred production locations. Site-specific integration opportunities
(e.g. bolt-on solutions, co-processing of biocrude at refineries) which can be applied at
large scales may yield significant cost reductions and outweigh the potential increased
cost of feedstock mobilization at that site. Conversely, site-specific safety issues, site
layouts or strategic interests of the host might impede integration.
Whereas adding more detail may improve the robustness of the results, it is strongly
advised to select only the most relevant modelling parameters on the basis of their
expected impact (e.g. by doing a pre-analysis) to limit computation time and improve
the transparency of the results. For example, eliminating conversion locations at district
heating systems and forestry terminals from this study would not have an impact on
the results.

3.4.3 Generalization of results
Temporal variability in competing demand, production locations, infrastructure,
feedstock supply and feedstock prices was not captured in this study. In Sweden in
particular, annual forestry biomass demand for energy and bio-chemicals may increase
by 80-100 PJ in 2030 relative to current demand (excluding additional demand from
biofuel production), particularly due to bio-chemical production. 228 Although the
Swedish production of pulp, paper and sawn wood has stagnated or decreased
during the last decade248,274, the output of the Swedish forest industry is likely to grow
alongside the increasing global demand for forest products. 275 Moreover, biomass
demand from competing industries may become more clustered if the trend towards
increasing plant scale and phasing out smaller plants continues.276 The highest biofuel
production levels examined in this study would require full utilization of all residues,
including stumps. While the standing volume is projected to increase in the coming
decades (hence increasing the potential supply of forest biomass for energy purposes)
239,240,277
, the actual sustainable harvesting rates are subject to discussion, especially for
stumps.228,278 A lower biomass surplus (as demonstrated in the Low biomass and High
competing demand scenarios) shows a mildly higher preference for smaller distributed
plants; an opposite trend will likely show larger centralized plants. Moreover, this study
utilizes top-down optimization of biofuel production systems for a particular biofuel
demand, neglecting the fact that production systems grow organically and originate
from bottom-up action of single actors.
Multi-step optimization can be used to capture time-dependent variability in competing
demand, feedstock availability, production scale and technology performance.223
Such analysis enables the user to identify lock-in effects and explore of the role and
robustness of different cost reduction strategies at various development stages, both
of which are important components of regional biofuel deployment strategies. Multi-
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objective optimization can be used to simultaneously optimize conflicting objectives
(e.g. economic and environmental indicators).279,280
Furthermore, the geographical characteristics of the study area and choice of
feedstock-technology combination influence the results. Whereas a higher transport
cost and lower feedstock density will limit the impact of economies of scaleh, more
capital intensive technologies or a higher scaling factor enlarge the role of economies
of scale. 202,268–272,281 As other pre-treatment processes, such as pelletization, also incur
additional OPEX/CAPEX relative to a supply chain without pre-treatment, it should
be examined closely under what circumstances such additional costs are justified,
especially because feedstock and transport cost tend to rise only marginally with scale.

3.5

Conclusions

This study evaluated the impact of four strategies to reduce the cost of biofuel
production in a Swedish context: economies of scale, intermodal transport, integration,
and distributed supply chain configurations. Simultaneous implementation of all cost
reduction strategies yielded minimum biofuel production costs of 18.1-18.2 € GJ -1 at
production levels between 10-75 PJ yr-1. As the minimum biofuel production costs are
still higher than the current fossil fuel prices, policy support and technological learning
remains essential to achieve cost parity.
Limiting the economies of scale was shown to cause the largest cost increase (+012%), followed by disabling integration benefits (+1-10%) and allowing unimodal truck
transport only (+0-6%). Distributed supply chain configurations were introduced once
biomass supply became increasingly dispersed, but did not provide a significant cost
benefit (<1%). The benefits depend on the maturity of the biofuel production system:
whereas the benefits of economies of scale and intermodal transport grow with
increasing biofuel production level, integration benefits have a more profound impact
in the early stages of biofuel deployment. These strategies are interrelated and should
therefore ideally be analyzed simultaneously in optimization models. Model results
show that disabling integration benefits favors large-scale centralized production,
while intermodal transport networks positively affect the benefits of economies of
scale. Similarly, constraints on the benefits of economies of scale particularly increase
the value of distributed configurations.
The analysis may be expanded by including more geographically-explicit detail to
improve the robustness of results. Multi-step optimization can be used to capture
temporal variability, while multi-objective optimization allows for simultaneous
optimization of conflicting objectives. At the same time, it is strongly advised to preselect only the most relevant modelling parameters to improve the transparency of
the results.
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S3	Supplementary Information
S3.1

Model resolutions

The model resolution is defined as the proportional difference between the solution found
and the best theoretical objective function. 282 The model was run at a resolution of 0.2% up to
a maximum of 100 hours, after which the model was automatically terminated. Table 3‑7 lists
the model resolutions or all biofuel production levels. A resolution of 0% indicates the model
obtained the best theoretical objective function.

Table 3‑7: Model resolutions for all biofuel production levels.
Biofuel
Base
production scenario
level
(PJ yr-1)

Reduced
maximum
capacity

Centralized Distributed
only
only

No
integration
benefits

Low
biomass
supply

Road
High
competing only
demand

1

0%

0%

0%

0%

0%

0%

0%

0%

5

0%

0%

0%

0%

0%

0%

0%

0%

10

0%

0%

0%

0%

0%

0%

0%

0%

15

0%

0%

0%

0%

0%

0%

0%

0%

30

0%

0%

0%

0%

0%

0%

0%

0%

50

0%

0%

0%

0.20%

0%

0%

0%

0.20%

75

0.17%

0.19%

0.11%

0.17%

0%

0.26%

0.27%

0.80%

0.20%

0.22%

100

0.23%

0.19%

0.20%

0.51%

0.20%

150

0.47%

0.20%

0.18%

0.65%

0.18%

S3.2

0.92%
0.53%

Techno-economic input data

Table 3‑8 shows the techno-economic input data for selected input capacity. The production
costs are calculated using a discount rate of 10%, plant lifetime of 20 years (annuity factor:
0.11746) and a load factor of 90%. Figure 3‑12 shows the scaling curve for a centralized plant. The
scaling curve was approximated by a piecewise linear function which breaks at the maximum
input capacity of a HTL reactor (2.75 PJ yr-1, 87 MW) and an SMR (39.3 PJ yr-1, 1246 MW).
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GJ GJout-1

GJ GJout-1

GJ GJout-1

GJ GJout-1

GJ GJout-1

GJ GJout-1

Electricity
productioni

Electricity
consumptioni

Net electricity
requirement

Natural gas
requirement

Hydrogen
requirement

Steam productioni

0.29

3.59

6.82

M€

M€

M€

Biomass
conditioning

HTL reactor

Hydrotreater

0.007

0.072

0.065

0.79

Feedstock handling M€

CAPEX

GJout GJin-1

Yield

Production data

Biomass

Biomass

Biocrude

Input

Output

6.82

3.59

0.29

0.10

0.007

0.072

0.065

0.79

Biocrude

Pulp mill

6.82

3.59

0.29

0.10

0.007

0.072

0.065

0.79

Biocrude

Biomass

Sawmill

6.82

3.59

0.59

0.10

0.007

0.072

0.065

0.79

Biocrude

Biomass

District
heating

8.86

0.16

0.014

0.014

1.06

Biofuel

Biocrude

Natural
gas grid

8.86

0.16

0.014

0.014

1.06

Biofuel

Biocrude

LNG
terminal

8.86

0.15

0.007

0.007

1.06

Biofuel

Biocrude

Refinery

8.86

6.82

3.59

0.59

0.06

0.049

0.083

0.034

0.84

Biofuel

Biomass

Natural
gas grid

8.86

6.82

3.59

0.59

0.06

0.049

0.083

0.034

0.84

Biofuel

Biomass

LNG
terminal

8.86

6.82

3.59

0.59

0.09

0.15

0.021

0.083

0.061

0.84

Biofuel

Biomass

Refinery

Conversion and upgrading
Reference capacity: 2.75 PJin yr-1
(87 MWin)

HTL conversion
Reference capacity: 2.75 PJin yr-1 (87 MWin)
Upgrading
Reference capacity: 2.18 PJin yr-1 (69
MWin)

Centralized supply chain

Distributed supply chain

Forestry
terminal

Unit

0.60

0.70

0.70

0.77

Scaling
factor

116

114

116,231

116,231

116,231

116

Source

|

Host site

Cost item

Table 3‑8: Input data.
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€ GJout-1

Total CAPEXiv

vi

€ GJ

€ GJ

€ GJout-1

€ GJout-1

€ GJout-1

€ GJout-1

CAPEX-dependent
OPEXviii

Total OPEX

Total production
cost (OPEX +
CAPEX)

Scale-independent
production costs

Scale-dependent
production costs

€ GJ

Natural gasvi

Hydrogen

Other

€ GJ

7.9

2.0

2.2

8.5

10.0

5.83

3.80

0.11

0.25

10.7

6.31

4.09

0.12

0.43

€ GJ

ix

Labor cost

€ GJout-1

Waste disposalv

1.34

1.34

€ GJ

Catalyst and
chemicalsv

-1
out
-1
out
-1
out
-1
out
-1
out

0.25

0.25

-1
out

vii

0.09

0.09

€ GJout-1

4.12

76.4

4.62

Electricityi,v

OPEX

82.3

Total capital
investment (TCI)

4.44

4.98

M€

Lang factorii

16.53

7.9

2.0

10.0

5.83

3.80

0.11

0.25

1.34

0.25

0.09

4.12

76.4

4.62

16.53

8.7

2.2

10.9

6.39

4.17

0.12

0.43

1.34

0.25

0.09

4.53

83.9

4.98

16.85

8.8

2.0

10.8

6.23

4.22

1.26

0.04

0.26

0.28

0.17

4.58

89.8

4.98

18.05

1.64

16.53

1.53

M€

1.50

Total purchased
equipment cost
(TPEC)

1.50

1.50

4.32

M€

4.32

Missing equipment
(10%)

4.32

0.72

4.32

M€

Utilitiesi, v

3.28
3.55

M€

M€

Hydrocracker

Hydrogen plant

3.28

8.8

2.0

10.8

6.23

4.22

1.26

0.04

0.26

0.28

0.17

4.58

89.8

4.98

18.05

1.64

0.72

3.55

6.0

3.5

9.5

6.37

2.90

2.92

0.03

0.15

0.28

0.09

3.15

61.7

4.62

13.35

1.21

3.28

15.9

3.6

19.5

11.24

7.61

0.46

0.17

0.65

1.26

0.51

0.59

8.26

161.9

4.98

32.52

2.96

2.88

3.55

3.28

15.9

3.6

19.5

11.24

7.61

0.46

0.17

0.65

1.26

0.51

0.59

8.26

161.9

4.98

32.52

2.96

2.88

3.55

3.28

13.0

5.5

18.4

11.68

6.22

2.92

0.13

0.38

1.26

0.51

0.26

6.75

132.3

4.62

28.62

2.60

2.88

3.28
0.70

0.79

0.60

116

102,214

102,214

102,214

116

116

116,141

214
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In the reference study, which is based on a centralized supply chain, offgases from the HTL process are used as a feed
for hydrogen production and anaerobic digestion (AD) is used to produce steam for electricity production (11 MW @
2000 t biomass input per day) and heating the HTL unit, reformer and upgrading areas.116 When the HTL conversion and
upgrading are disconnected, HTL and AD offgases can be fully utilized to produce electricity and heat, which is both
used to heat the process and export to host industries. Similar to the reference study, it is assumed for forestry terminals,
PPM, sawmills, district heating (all distributed) and refineries (centralized only) that the AD offgas can be utilized to
heat the HTL process and generate 11 MW of electricity. Based on the HTL offgas composition reported in Zhu et al.116
and an assumed conversion rate to electricity of 30%, electricity generation from HTL offgases was approximated to
be 8.9 MW. Furthermore, it was assumed that 1.5 units of exportable heat are produced per unit of electricity. Hence,
for a reference HTL plant of 2000 t biomass input per day we assume 19.9 MW of electricity generation and 29.9 MW
of exportable heat. As the offgases are also not used at the refinery sites (centralized supply chain design), increased
electricity generation (19.9 MW) is also assumed here. Electricity consumption is distributed over the HTL conversion
(22.2 MW) and upgrading (4.6 MW) according to the OPEX split reported in Tews et al.231 (see also note v). Electricity
consumption is assumed to be similar to the reference study. We assume the electricity consumption for the upgrading
plant remains the same.
The CAPEX for utilities for distributed supply chains (which include waste water treatment, electricity generation and
steam production) was adapted from Zhu et al.116 For HTL conversion, CAPEX was inflated by a factor 1.5 to account for
the increased electricity and steam production. For natural gas sites and LNG terminals 25% of the costs was used to
cover the steam generation unit. For refineries no utility costs were allocated as only the hydrotreatment occurs on-site.
The Lang factor was adjusted for sites where co-location synergies exist (i.e. pulp mills, sawmills and refineries).214
The capital recovery factor (0.118) was calculated assuming a 10% discount rate, 20 years plant lifetime and 90% load
factor.
Allocation factors for Electricity use (83%, 9%, 8%), Waste disposal cost (100%,0%,0%) and Catalyst and chemicals (46%,
54%, 0%) cost are used to distribute the total OPEX over HTL conversion, upgrading and hydrogen plant. The allocation
factors are calculated based on the OPEX distribution in Tews et al.231
Hydrogen requirement for refinery sites (1.35 kg hydrogen per GJ biocrude) and natural gas requirement for natural
gas and LNG terminal sites in centralized supply chains were taken from Zhu et al.116 For natural gas and LNG terminal
sites in distributed supply chains, the amount of natural gas (0.1649 GJ natural gas per kg hydrogen) required to satisfy
the hydrogen consumption for upgrading was determined using the NREL H2A study (Central Natural Gas design).259 In
centralized supply chains part of the hydrogen is generated from offgases from HTL conversion, explaining the lower
natural gas consumption relative to distributed supply chains.
Labor costs were determined according to Wessel’s method at a capacity of 388 MW biomass input or 307 MW biocrude
input. Labor costs were reduced for sites where co-location synergies exist (i.e. pulp mills, sawmills and refineries).214
Swedish hourly wages were taken from Eurostat.138
The CAPEX-dependent OPEX cost items include maintenance and repairs, operating supplies, local taxes, and
insurance.102,214 This cost is calculated in the model as a factor (0.102) of TCI and thus scales with capacity.
Other includes distribution and marketing and patents and royalties fees, which amount 5.5% of total OPEX.
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Figure 3‑12: Equipment costs for a centralized supply chain (at natural gas pipeline and LNG terminals)
at different scales. Linear lines were fitted to the non-linear scaling curve and consequently inserted in the
model. The scaling factors (sf ) are listed for each piece of equipment. The cost item ‘missing equipment’ is not
shown.

S3.3

Transport cost

Table 3‑9 shows the input data used to calculate the transport cost. Figure 3‑13 shows the
transport network and intermodal terminals in Sweden. The transhauling terminals are similar
to the forestry terminals. 257,258
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Table 3‑9: Input parameters for calculation of the transport cost.
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Based on Athanassiadis et al. (2009) 266, transport of wood chips. Liquid bulk assumed similar to dry bulk. Diesel cost:
0.7 € L-1, excise duty: 0.46 € L-1, VAT: 25%.
Dry bulk rail freight rates and load based on the Heuristics Intermodal Transport Model Calculation System (Flodén
2011) 283, Medium case, electric engine. Liquid bulk calculated from dry bulk and NEA (2004) 284. Electricity price: 0.075
€ kWh-1.
Short sea shipping > 7500 dwt dry and wet bulk international/continental. Based on NEA (2004) 284. Fuel oil price: 694
€ t-1.
Loading and unloading cost are assumed to be similar.

Figure 3‑13: Transport network.

S3.4

Unit conversion

Monetary values were normalized to €2015 using the yearly EU harmonized index of consumer
prices.285 Values in US$ were converted to € using the euro-dollar exchange rate for the respective
year.286 A similar approach was followed for the conversion of SEK to €.
Table 3‑10 shows the lower heating value and density for biomass, biocrude and biofuel as
employed in this study.
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Table 3‑10: Lower heating value and density for biomass, biocrude and biofuel.
Unit
Energy density (volume)

GJ m

Energy density (mass)231

GJ t-1 (dry)

213

-3

Biomass

Biocrude

Biofuel

7.41

-

-

16.7

32.7

40.3

S3.5	Feedstock price distribution
Figure 3‑14 shows the feedstock price distribution for pulpwood, sawlogs and forestry residues.
Industrial by-products are homogenously priced across Sweden.

Figure 3‑14: Feedstock price distribution.

S3.6	Examples of site layouts with and without integration
Figure 3‑15 shows the site layouts for a sawmill (top) and refinery (bottom) with and without
integration with biofuel production. Integration with a pulp mill is similar to the example of a
sawmill.
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Figure 3‑15: Example site layouts for a sawmill (top) and refinery (bottom) with and without integration with
biofuel production.
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4	Abstract
The introduction of renewable jet fuel (RJF) is considered an important emission
mitigation measure for the aviation industry. This study compares the Well-to-Wake
(WtWa) greenhouse gas (GHG) emission performance of multiple RJF conversion
pathways and explores the impact of different co-product allocation methods. The
insights obtained in this study are of particular importance if RJF is included as an
emission mitigation instrument in the global Carbon Offsetting and Reduction Scheme
for International Aviation (CORSIA). Fischer-Tropsch pathways yield the highest GHG
emission reduction compared to fossil jet fuel (86-104%) of the pathways in scope,
followed by Hydrothermal Liquefaction (77-80%) and sugarcane- (71-75%) and corn
stover-based Alcohol-to-Jet (60-75%). Feedstock cultivation, hydrogen and conversion
inputs were shown to be major contributors to the overall WtWa GHG emission
performance. The choice of allocation method mainly affects pathways yielding
high shares of co-products or producing co-products which effectively displace
carbon intensive products (e.g. electricity). RJF can contribute to significant reduction
of aviation-related GHG emissions, provided the right feedstock and conversion
technology are used. The GHG emission performance of RJF may be further improved by
using sustainable hydrogen sources or applying carbon capture and storage. Based on
the character and impact of different co-product allocation methods, we recommend
using energy and economic allocation (for non-energy co-products) at a global level,
as it leverages the universal character of energy allocation while adequately valuing
non-energy co-products.
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4.1	Background
The aviation industry emits roughly 2% of global anthropogenic greenhouse gas
(GHG) emissions.74 Despite a projected four-fold increase in CO2 emissions in 2050
relative to 2010287, aviation was excluded from the recent COP21 Paris Agreement288.
The International Air Transport Association (IATA) has set an industry target to achieve
carbon-neutral growth after 2020 and reduce emissions by 50% in 2050 (referenced to
2005). Besides efficiency improvements in technology and operations, the adoption of
renewable jet fuel (RJF), a Jet A-1 substitute derived from biomass, is expected to make
an important contribution.17 The International Civil Aviation Organisation (ICAO) recently
agreed to develop a Global Market-based Measure (GMBM) to achieve carbon-neutral
growth after 2020.20 In this scheme, aircraft operators should offset any annual increase
in the GHG emissions beyond 2020 from international aviation between participating
states using the Carbon Offsetting and Reduction Scheme for International Aviation
(CORSIA). The scheme is currently approved until 2035. Consumption of RJFs may also
be included as part of a basket of measures.20
The contribution of RJF to the emission reduction ambitions in aviation depends on
the market penetration of RJF and its GHG emission reduction potential. To date, the
market penetration of RJF has been negligible because of high prices and limited
production capacity. Prior studies have explored the techno-economic feasibility and
technology readiness of different RJF conversion pathways.16,28,30,36,214,289 A positive GHG
emission balance and sustainability impact (e.g. on water use, land use, biodiversity,
etc.) is essential for RJF to contribute to a more sustainable aviation industry.
Various GHG emission performance assessments have been conducted for road biofuels,
including comparisons between different conversion pathways.24,290–292 Previous studies
have shown the GHG emission performance is impacted significantly by methodological
choices (especially allocation methods for co-products) and spatiotemporal variability
in input data (e.g. feedstock yields or electricity mix).44,49,54,55,293,294 Although RJF can
be produced from similar feedstocks as road biofuelsi,aconversion and downstream
handling may deviate due to different fuel specifications and higher quality standards.
These standards generally require more stringent upgrading, thus affecting yields
and/or hydrogen consumption. Moreover, a thorough understanding of the impact
of different methodological frameworks on the GHG emission performance of RJF
is necessary, because the use of RJF in a global carbon offsetting scheme requires a
global methodological meta-standard.
i
To leverage the experience with biofuels in the road transport sector and avoid adverse sustainability effects, the
Sustainable Aviation Fuel Users Group (SAFUG – a group of airlines representing approximately one-third of global jet
fuel use), has committed to using fuels which do not compete with food supplies, significantly reduce well-to-wake GHG
emissions, and have a low risk of indirect land use change (LUC) 26,455.
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Prior analyses have considered the GHG emission performance of several RJF conversion
pathways.34,39,43,49–53 A comparison of the results is challenging due to diverging
methodologies and input data. This study expands the comparative base by examining
the GHG emission performance of six RJF conversion technologies: Hydroprocessed
Esters and Fatty Acids (HEFA), Fischer-Tropsch (FT), Hydrothermal Liquefaction (HTL),
pyrolysis, Alcohol-to-Jet (ATJ) and Direct Sugars to Hydrocarbons (DSHC; also commonly
referred to as Synthetic Iso-paraffinic fuel, SIP). Additionally, this analysis shows the
impact of different co-product allocation methods. As such, the objectives of this study
are to 1) compare the GHG emission performance of RJF conversion pathways using
different allocation procedures, 2) discuss potential improvements of the GHG emission
performance of RJF, and 3) provide input for the development of a methodological
meta-standard for the calculation of the GHG emission performance of RJF.

4.2

Methods

4.2.1	LCA framework
A life-cycle analysis (LCA) framework can be used to assess the environmental impact
across the entire product life-cycle. Methodology and default values are often
standardized within a certain regulatory context, such as the EU Renewable Energy
Directive (RED) and US Renewable Fuel Standard (RFS). A number of standardized
approaches and respective calculation tools exist, of which prominent ones include
the Greenhouse gases, Regulated Emissions and Energy use in Transportation (GREET),
BioGrace, and GHGenius (used in the US, EU and Canada respectively). This study
utilized the GREET model (GREET.net v1.3.0.12844, database version 12384), as it already
included some RJF conversion pathways.39,295,296 Furthermore, it gives the opportunity
to compare and add pathways in a comprehensive yet transparent way. Default
values for the reference year 2020 were used to assess the short-term GHG emission
performance of RJF conversion pathways.

4.2.2	Functional Unit
The conversion pathways were compared on the basis of their GHG emissions in
gCO2-eq per MJ of RJF. The GHG emissions considered were CO2, CH4 and N2O using
their 100-year global warming potential (1, 25 and 298, respectively), in line with the
United Nations Framework Convention on Climate Change reporting guidelines. 39,297

4.2.3	System boundaries
The assessment covered Well-to-Wake (WtWa) GHG emissions, expressed as CO2-eq,
including emissions from feedstock cultivation and pre-processing, upstream logistics,
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conversion to RJF, downstream distribution, and end use (Figure 4‑1). Upstream
transport comprises the transport from the feedstock production site or pre-processing
facility to the conversion facility. Downstream distribution includes the transportation
of the RJF to a blending terminal, blending operations, transportation to the airport
tank farm and storage. Non-CO2 emissions from jet fuel combustion were excluded
from the analysis, as reported combustion data was only found for HEFA and FT RJF.
Furthermore, as the chemical properties of RJF are by definition closely related to fossil
jet fuel, it was assumed that there is no significant difference in GHG emissions from
combustion, as was demonstrated for HEFA and FT RJF. 38,39,298–300 CO2 emissions from the
combustion of RJF are treated to be zero under the assumption of carbon neutrality.44

Figure 4‑1: A schematic overview of the RJF supply chain and the system boundaries used in this study.

4.2.4	Land use change
Emissions from direct and indirect land use change (LUC) can have a large impact on
the GHG emission performance of conversion pathways.50,290 Emissions from direct LUC
are caused by changes to the above- and below-ground carbon stocks as a result of
changing former land use to cultivate biomass for bioenergy purposes. Changing land
use for biomass cultivation or diverting existing feedstock flows for bioenergy purposes
may instigate land use changes elsewhere to restore initial production level of food,
feed and materials, causing indirect LUC emissions. The larger part of LUC emissions
typically occur at the start of a project; as such, its impact can be affected significantly
by the method used to amortize emissions over a given time period.60 ja
Depending on the context, LUC-related GHG emissions may be positive (net emissions)
or negative (net sequestration). Negative LUC-emissions may occur for highly productive
j
For example, a fundamental difference between the Renewable Energy Directive (RED) and Renewable Fuel
Standard (RFS) is the amortization period; whereas the RED specifies 20 years, the RFS uses 30 years.
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feedstocks with a low fertilizer requirement (e.g. perennial grasses) which sequester
more above- and below-ground carbon than the reference vegetation, especially when
grown on degraded or marginal lands (which mitigates indirect LUC effects as well). 301–
303
Conversely, conversion of large carbon stores (e.g. (tropical) forests, peatlands or
prairie) into high-input croplands (e.g. palm oil or corn) may lead to high positive LUC
emissions. Although important, these impacts are challenging to quantify, surrounded
by considerable uncertainties and highly dependent on context-specific circumstances
such as soil type, previous land use and management practices (please see Wicke et
al.304 for a comprehensive review of LUC-related GHG emissions from biofuels). 304–307
Moreover, quantification of these effects should be considered in a broader context;
for example, agricultural zoning, improved management or intensification measures in
agriculture may mitigate the indirect LUC GHG emissions from bioenergy. 304,308 As this
analysis focused on the performance of the conversion pathway, LUC emissions were
excluded from this analysis.

4.2.5 Conversion pathway scope
The scope included technologies which are or are expected to become commercially
available in the near-term, namely Hydroprocessed Esters and Fatty Acids (HEFA),
Fischer-Tropsch (FT), Hydrothermal Liquefaction (HTL), pyrolysis, Alcohol-to-Jet (ATJ)
and Direct Sugars to Hydrocarbons (DSHC), see Figure 4‑2.ka The selected feedstocks
include sugar/starch (sugarcane and corn), lignocellulosic (poplar, willow, corn stover
and forest residues), and oil feedstocks (used cooking oil, jatropha and camelina), as
these feedstocks are currently used or have been considered for RJF production (this is,
however, not an exhaustive list).

k
HEFA, FT, DSHC and ATJ (from butanol) are certified for use in commercial aviation by the American Society of
Testing and Materials (ASTM). The other pathways are currently in the certification process.
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Figure 4‑2: The scope of conversion pathways.

4.2.6 Methods to deal with co-products
The co-product allocation method in an LCA can have a profound impact on the GHG
emission performance of a product44,49,50,52,55, especially when the yield of co-products
is high compared to the main product (see also S4.3). GHG emissions can be allocated
to the co-products according to their energy, mass and economic value.44,55,309,310
Alternatively, the displacement method (or system expansion) awards an emission credit
to co-products based on the yield of the co-product and the GHG emission intensity
of the displaced product (e.g. the fossil counterpart of the co-product). While energy
allocation yields strictly positive emission intensities (except bioenergy pathways with
carbon capture and storage), the displacement method may give negative emission
intensities in case the emission credits exceed total system emissions.
Benefits and drawbacks exist for each method; the suitability of a particular method
largely depends on the production system and the co-products. The International
Standards Organisation (ISO)310 deems the use of the displacement method most
appropriate as it represent the potential GHG emission mitigation effects of producing
co-products. However, it requires additional system choices regarding the displaced
product and the associated avoided emissions. 55 Furthermore, when the yield of the
co-products is significant compared to the main product, the choice of main product
and co-product can have a decisive impact on the results.55,311 Allocation methods are
indifferent to the choice of main product. Moreover, mass and energy allocation are
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based on physical properties of the co-product and are thus universally applicable and
less susceptible to methodological choices and uncertainties. This is a key motivation
for regulators, including the European Union, to adopt this method in a normative
context.55 However, mass allocation can only be applied to co-products having a mass
and is hence unsuitable for systems producing immaterial products such as electricity.
Energy allocation may not rightfully capture the value of non-energy co-products.
For example, camelina meal, which can be used as an animal feed, is allocated more
emissions when it is valued for its nutritional value (substituting soybean meal
or corn) than when it is valued for its energy content.52 The last method, economic
allocation, captures the economic value of the co-product. However, a price ratio
may be challenging to establish for novel non-commoditized products and could
be highly affected by price fluctuations, geographical location or market distortions
(e.g. monopolies or subsidies).55,309 As such, economic allocation is earmarked by the
International Standards Organisation (ISO) as a last-resort methodological option,
when other methods prove inapt. 309,310
In this study both energy allocation and the displacement method were used for nonenergy co-products as they are employed in two prominent regulatory frameworks,
the EU Renewable Energy Directive and the US Renewable Fuel Standard, respectively
(Table 4‑1).65,67 Energy allocation was used for all fuel co-products (i.e. diesel, gasoline,
heavy fuel oil, propane, methane and naphtha), as this is common practice for (sub-)
processes which produce mainly fuels, because it captures the energy value of the
product and is relatively indifferent to the choice of co-product and variations in
product slate.49,312,313 Hence, essentially, two analyses were conducted; one using
solely energy allocation and one using a hybrid method, integrating the displacement
method and energy allocation. An analysis using only the displacement method was
not conducted, as such analysis was shown to be very sensitive to the choice of main
product, especially if the yield fraction of the main product is low compared to other
fuel co-products produced by the same system.49

4.2.7	Fossil baseline
The results were compared to the baseline WtWa emissions of fossil jet fuel.
Considerable ranges for jet fuel exist depending on crude oil quality and processing
technique; for the US a range between 80.7 and 109.3 gCO2-eq MJ-1 was reported42,
while for the EU a range of 80.4-105.7 was found. 314 la The average WTWa emission
intensity for conventional jet fuel (87.5 gCO2-eq MJ-1) consumed in the US was used as
the fossil baseline such that it matches the geographical scope of the input data.42 This
l
As combustion emissions were excluded in the source used314, the CO2 emissions from the combustion of
conventional jet fuel as reported in Stratton et al.42 (73.2 gCO2 MJ -1) were added.
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baseline is in between the fossil fuel baselines for transport fuels used in EU and US
regulatory frameworks (Table 4‑1).

4.2.8 Threshold values
The EU and US regulatory frameworks use GHG emission reduction threshold values
to define which biofuels are eligible to count towards renewable fuels targets (Table
4‑1). These thresholds originate from policy objectives (e.g. emissions reduction,
sustainability requirements, security of supply) rather than being of technical origin.
Whereas the EU Renewable Energy Directive has increasingly higher reduction
thresholds over time, the US Renewable Fuel Standard has separate reduction
thresholds for different categories of biofuels which are fixed in time. The biofuel
categories in the US Renewable Fuel Standard are based on the feedstock-technology
combination.
The results of this study were compared to the GHG emission reduction threshold as
specified for biofuels in the EU Renewable Energy Directive and US Renewable Fuel
Standard to provide an indication of the eligibility of the RJF conversion pathways
under both regulatory schemes. It is an order-of-magnitude screening only, primarily
because this assessment does not include sustainability indicators acting as exclusion
criteria and LUC emissions. Also, it uses (slightly) different fossil baselines, default values
and assessment methodologies, especially relative to the EU regulatory framework.
Table 4‑1: An overview of biofuel regulation in the EU Renewable Energy Directive and US Renewable
Fuel Standard.
EU Renewable Energy Directivei US Renewable Fuel Standard
Energy allocation except for
Co-production
allocation method for cogeneration of heat and (excess)
power
non-fossil products
GHG reduction
threshold (compared
to the fossil fuel
baseline)

Fossil fuel baseline
i.

35% for all biofuels
50% from 1 January 2017 for all
existing installations
60% from 1 Jan 2018 for
installations commencing
production after 5 October 2015

83.8 gCO2-eq MJ -1

Displacement method

Cellulosic biofuel: 60%

Applicable to:
Lignocellulosic
feedstocks

Advanced biofuel: 50%

All feedstock except
corn starch

Biomass based diesel:
50%

Oil feedstocks

Renewable fuels
(conventional biofuels):
20%

Typically refers to corn
ethanol

Diesel type fuels: 91.8 CO2-eq MJ -1
Gasoline type fuels: 93.3 gCO2-eq MJ -1

In 2015 the EU introduced a 7% cap on biofuels from crops grown on agricultural land and an indicative 0.5% target for
advanced biofuels to reduce the risk of ILUC effects.
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4.3	Life cycle inventory
This section discusses the system configurations and most important assumptions
used in this study. A full overview of the input data can be found in S4.1.

4.3.1 Geographical origin of the data
Input values may vary across different world regions due to e.g. farming practice,
feedstock yield or process design. In this study, RJF was assumed to be consumed in
the US. Most feedstock cultivation and RJF production was situated in the US, except
for sugarcane-based DSHC and ATJ for which feedstock cultivation and conversion
to RJF occurs in Brazil. In these cases, transportation of the RJF to and distribution in
the US was added for consistency. Default values in GREET were used where available.
The life-cycle inventory was complemented with data from recent studies for those
feedstocks and technologies not available in GREET. Energy use for blending and
storage was obtained from BioGrace315, but US emission factors were used to calculate
the associated emissions.
4.3.2 Conversion pathway description
This study comprises six conversion technologies:
•

Hydroprocessed Esters and Fatty Acids (HEFA). The HEFA technology uses
hydrogen to deoxygenate and saturate the fatty acid carbon chains. Carbon
chains are sized to fit the diesel and jet range using selective hydrocracking and/or
isomerization. The values used in this study were taken from the GREET database,
which is based on the UOP Ecofining process. 39,42,295,311

•

Gasification and Fischer-Tropsch (FT). Lignocellulosic biomass is gasified to
produce syngas. The syngas is converted to RJF, diesel, gasoline, propane and
methane through FT synthesis. Electricity is generated from excess steam from
gasification and FT synthesis. Process performance data was taken from Swanson
et al.108 As the reference study did not consider RJF production, it was assumed
that the diesel output could be split in 25% RJF-ranged hydrocarbons and 75%
diesel-ranged hydrocarbons. No additional emissions were taken into account as
distillation was already considered in the process design.

•

Pyrolysis. The pyrolysis process design was adopted from Tews et al.231 In the
process, feedstocks are dried (using waste heat from char combustion), ground
(using electricity) and consequently converted at elevated temperatures (~500
o
C) to bio-oil, gas and char.149 The bio-oil is consequently converted to a mixture
of hydrocarbons by hydrodeoxygenation. Char is combusted to produce steam.
Again, a 25%-75% RJF-diesel split was applied to the diesel output.
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Hydrothermal Liquefaction (HTL). The HTL process design was also based on
Tews et al.231 The HTL process converts wet feedstocks (no drying required) into a
biocrude using water as a medium. Compared to pyrolysis it is operated at more
modest temperatures (250 - 550°C), but elevated pressures (5 - 25 MPa).316 As the HTL
biocrude contains less oxygen than the pyrolysis bio-oil, the hydrodeoxygenation
step requires less hydrogen. Again, a 25%-75% RJF-diesel split was applied to the
diesel output.

•

Alcohol-to-Jet (ATJ). The ATJ platform converts alcohols (e.g. ethanol, butanol)
to hydrocarbons. In this study, we use the ATJ pathway available in the GREET
excel model. This pathway upgrades ethanol to RJF, diesel and naphtha through
dehydration, oligomerization and hydroprocessing. 34,296 Data for ethanol production
through fermentation of sugarcane, corn (including milling processes) and corn
stover were adopted from GREET.295

•

Direct sugars to Hydrocarbons (DSHC). In the DSHC process, sugars are
fermented to farnesene, a branched C-15 molecule with four double bonds. The
double bonds are saturated using hydrogen to produce farnesane. We used data
for the DSHC process including the sugarcane milling from Klein-Marcuschamer et
al. and Cox et al., which is based on the Amyris process. 53,289 Unlike these studies,
we assume both sugar and molasses were used to produce biofuels. Although
farnesane is eligible for 10% blending with fossil jet fuel, Klein-Marcuschamer et
al.’s process design includes additional hydrocracking and hydroisomerization,
which produces an enhanced RJF with a higher blend level but also increases the
hydrogen consumption. Both the ‘increased blend level’ and ‘10% blend level’ cases
were considered here. The former case is based on the hydrogen consumption as
specified in Klein-Marcuschamer et al. The hydrogen consumption for the latter
case was approximated by taking 120% of the stoichiometric hydrogen required for
farnesene saturation. In this case, it was assumed that the farnesane is used as RJF
only; no co-products were produced.

4

MJ MJ -1 RJF

MJ MJ -1 RJF

Electricity
consumption

Hydrogen
consumption

i.
ii.

Feedstock is ethanol.
Excluding natural gas used for hydrogen generation.

0.45

0.49

Electricity

0.10

0.14

0.24

MJ co-product
MJ -1 RJF

Methane

Propane

Naphtha

Heavy fuel oil

2.95

0.51

2.17

7.88

3.00
1.69

Diesel

Gasoline

1

Natural gas

5.44

26.39

Ex-situ

Pyrolysis 231

1

Normalized

Natural gas

0.15

12.93

FT 108

1

RJF

Co-product
allocation ratio

Outputs

Hydrogen
feedstock

0.18

MJ MJ RJF

Natural gas
consumptionii
0.005

1.17

MJ feed MJ -1 RJF

-1

Unit

Feed

HEFA 295

1.31

0.21

16.89

Ex-situ

2.17

7.88

2.95

1

1.65

4.57

2.95

1

Process
Natural gas
off-gases

1.53

26.39

In-situ

HTL 231

1.65

4.57

2.95

1

Process offgases and
waste water

0.86

16.89

In-situ

0.21

0.12

0.13

0.54

0.15

1

Natural gas

Natural gas

1

0.52

6.28

Increased
blend level

DSHC 289

0.08

0.03

1.49 i

ATJ 296

0.07

1

Natural gas

0.12

3.25

10% blend
level

|

Inputs

Sub-process

Process

Table 4‑2: Key process assumptions regarding the RJF conversion technologies.108,231,289,295,296
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The process performance indicators of the RJF conversion technologies are listed in
Table 4‑2 and S4.1. The reader is referred to Mawhood et al.28 for a more elaborate
description of the conversion technologies and their respective CAAFI fuel readiness
level.ma

4.3.3 Hydrogen generation
All pathways require hydrogen except FT, HTL (in-situ) and pyrolysis (in-situ). In the base
case it was assumed that hydrogen was produced through steam methane reforming
(SMR) of natural gas, which corresponds to the current production practice of hydrogen.
For pyrolysis and HTL, ex-situ (SMR of natural gas) and in-situ hydrogen production
were considered. In the pyrolysis in-situ case, hydrogen was produced through SMR of
process off-gases; in the HTL in-situ case hydrogen was produced through SMR of offgases from the process and anaerobic digestion of the waste water. Ex-situ hydrogen
consumption was calculated from mass and energy balances presented in Tews et al.231
The feeds used for hydrogen generation in the in-situ case were utilized to power the
process in the ex-situ case, hence explaining the lower electricity consumption in the
ex-situ case.
4.3.4 Allocation and displacement ratios
All conversion pathways produce non-fuel and/or fuel co-products. Table 4‑2 shows
the co-product allocation ratios for fuel co-products. Table 4‑3 provides an overview
of the co-product allocation ratios applied for non-energy co-products (a subgroup of
non-fuel co-products) and electricity (considered an energy and non-fuel co-product)
for both the energy allocation and displacement method.

m
CAAFI’s (Commercial Aviation Alternative Fuels Initiative) Fuel Readiness Level (FRL) methodology is based on
NASA’s Technology Readiness Level (TRL) scheme. The FRL scale allows users to track the progress of a RJF in terms of
research, certification, and demonstration.456
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Corn Oil

Ethanol
ATJ

Corn wet mill ethanol
productioni

Corn gluten
meal
Corn gluten
feed
Corn Oil

Ethanol
Ethanol
Ethanol

0.21

0.56

0.15

5.52

29.74

6.87

1.06

30.36

0.65

Distillers
grain
solubles

Ethanol

ATJ

Corn dry mill ethanol
production w corn oil
extractioni
0.04

31.74

0.68

Ethanol

ATJ

Corn dry mill ethanol
production w/o corn oil
extractioni

Distillers
grain
solubles

47.79

Camelina
meal

0.64

Camelina
oil

HEFA

Co-product per
main product

Co-product Co-product
allocation
ratio rA

Camelina oil extraction

Main
product

MJ MJ -1 g MJ -1

Applicable
for pathway

0.02

1.00

0.02

Soy oil

1.00

Urea

0.02

Urea
Corn

1.53

Corn

1.00

Urea
Soy oil

0.31

Soybean meal

0.02

Urea
0.78

0.31

Corn

0.78

Soybean meal

0.77ii

g displaced
product g-1
co-product

Displacement
ratio rD

Corn

Soybean meal

Displaced
product

0.53

1.22

0.29

1.22

0.29

0.53

1.22

0.53

0.29

1.22

0.53

0.29

0.53

g CO2-eq g-1
displaced
product

Emission
factor

295

295

295

295

295

295

52,317,318

Ref.

|

Non-energy co-products

Supply chain
component

Table 4‑3: Allocation ratios for non-energy co-products and electricity. 35,52,231,295,296,317–320
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ATJ
ATJ
DSHC
(increased
blend level)
DSHC (10%
blend level)

Ethanol from corn stover

Ethanol from sugarcane

Sugarcane milling

Sugarcane milling

iv.
v.

ii.
iii.

i.

Pyrolysis exsitu case

Pyrolysis

0.07

0.13

0.22

0.10

0.51

Brazilian Grid
electricity

Brazilian Grid
electricity

Brazilian Grid
electricity

US grid
electricity

US grid
electricity

US grid
electricity

US grid
electricity

1.00

1.00

1.00

1.00

1.00

1.00

1.00

MJ displaced
product MJ -1
co-product

26.52

26.52

26.52

137.88

137.88

137.88

137.88

g CO2-eq MJ -1
displaced
productiii

35

35

320

319

231

295

296

GREET uses a weighted average of three different corn ethanol technologies. Dry mill ethanol production without corn oil extraction, dry mill ethanol production with
corn oil extraction, and wet mill ethanol production respectively produce 18.23%, 72.91% and 8.87% of the total produced ethanol.
Based on the ratio between the average protein content of camelina (36.2%) and soybean meal (47%).
For electricity production, an average emission factor without transmission and distribution losses was used. For electricity consumption, these losses were included. For
pathways located in Brazil, a much lower emission factor was used due to the high diffusion of hydropower in the electricity mix.
From the combustion of jatropha husks, shells and meal.
From the combustion of bagasse, after deduction of internal use of heat and power in the DSHC process.

Electricity v

Electricity v

RJF

RJF

Electricity

Electricity

Electricity

Ethanol

Ethanol

RJF

0.34

HEFA

Jatropha oil extraction

Jatropha oil Electricityiv

0.45

Electricity

FT

FT synthesis

RJF

MJ MJ -1

Electricity (co-product)
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Results

4.4.1 Comparison between pathways
Figure 4‑3 shows the WtWa GHG emissions per conversion pathway for energy
allocation and the hybrid method. FT yields consistently low WtWa GHG emissions
across all feedstocks and both allocation methods, mainly due to the self-sufficiency
of the process and excess electricity production. Corn-based ATJ and sugarcane-based
DSHC (increased blend level case) show the highest WtWa GHG emissions in both
methods. For corn-based ATJ this is caused by high fossil energy use during ethanol
production and high emissions from fertilizer use. For DSHC, the low conversion yield
and high hydrogen consumption are the main contributors to a high GHG footprint.
Jatropha and camelina-based HEFA also show particularly high cultivation emissions.
While per-hectare use of fertilizer and other inputs could be small for jatropha and
camelina, the oil yield is usually low, leading to high emissions per unit of oil. In
almost all processes hydrogen is an important contributor to the overall WtWa GHG
emissions. In-situ hydrogen production generally yields lower WtWa GHG emissions
than ex-situ hydrogen production; the emissions avoided by producing hydrogen from
offgas instead of natural gas offset the emissions related to increased electricity use
(valid for the US electricity mix). The benefits of in-situ production are stronger for the
pyrolysis process as the upgrading of pyrolysis oil requires large amounts of hydrogen
and the process off-gas already contains high concentrations of hydrogen. For RJF
conversion pathways situated in Brazil (sugarcane-based pathways), the emissions
from downstream distribution increase slightly due to international transport while
emissions from electricity use (or co-product credit) are reduced. This reduction is
because Brazil’s average electricity mix has a lower emission factor compared to the
US, particularly due to a high share of hydropower.
Most pathways yield GHG emissions reductions exceeding 60% compared to fossil jet
fuel and can therefore comply with the most stringent emission reduction thresholds
of the EU Renewable Energy Directive and US Renewable Fuel Standard. Whereas
DSHC (increased blend level) is above or close to the lowest thresholds for biofuels
irrespective of allocation method, the performance of jatropha-based HEFA or cornbased ATJ highly depends on the allocation method used. It is worth reminding
that this assessment does not include LUC emissions, and therefore could over- or
underestimate the GHG emission performance of these conversion pathways for a
specific context.
Residues and lignocellulosic crops generally show better emission mitigation potential
than food crops, because of low emissions related to fertilizer use, feedstock cultivation
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Figure 4‑3: WtWa GHG emission performance of RJF conversion pathways.

or feedstock collection. RJF produced from highly productive food crops in combination
with an efficient conversion process (i.e. sugarcane-based ATJ) is also able to meet the
strictest GHG emission reduction thresholds currently applied.

4.4.2 Comparison between allocation methods
Figure 4‑3 shows that the allocation method applied has a significant effect on the
GHG emission performance for some pathways. As described in S4.3, the difference
between energy allocation and the hybrid method increases for conversion pathways
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producing large amounts of co-products. Moreover, the hybrid method tends to yield
lower WtWa GHG emissions for conversion pathways producing co-products which
displace products whose emission intensity exceeds the emission intensity of the
system (before allocation).
Particular differences are observed for FT and jatropha-based HEFA. Although the coproduct (electricity) is valued for its energy content in both methods, they still yield
disparate results. In these cases, the emission intensity of the displaced product (grid
electricity) far exceeds the emission intensity of the system, hence leading to the
hybrid method yielding lower GHG emission results than energy allocation. Similar
dynamics are at the origin of the lower emission intensity of Pyrolysis (ex-situ) and
corn stover-based ATJ for the hybrid method. On the contrary, sugarcane-based DSHC
yields higher emissions using the hybrid method because of the low emission intensity
of Brazilian electricity combined with a high GHG emission profile of the conversion
pathway. Despite a relatively high co-product allocation ratio for camelina-based
HEFA, the moderate displacement ratio and low emission intensity of soy meal yields
only a small decrease in WtWa GHG emissions for the hybrid method. This pathway will
be examined more closely in the sensitivity analysis.
Conversely, corn ATJ shows higher emissions using the hybrid method. This is to be
ascribed to its co-products (DGS, Corn oil, CGM and CGF) displacing products with low
emission intensities relative to the total system, which makes energy allocation more
attractive than the displacement method.
Two out of sixteen pathways change threshold category after applying a different
allocation method. Whereas jatropha-based HEFA meets a lower threshold category
using the hybrid method, corn-based ATJ is demoted one category.

4.5	Sensitivity analysis
4.5.1	Alternative allocation methods for non-energy co-products
To illustrate the impact of different allocation methods, we apply mass and economic
allocation to the camelina-based HEFA pathway in which large amounts of camelina
meal are produced. Similar to the base results, energy allocation was used for the
remaining fuel co-products (i.e. propane and naphtha). For mass-based allocation,
we used an allocation ratio of 1.78 kg camelina meal kg-1 camelina oil. For economic
allocation, the ratio between soy oil and soy meal was used as a proxy to determine
the allocation ratio, as price data for camelina meal and oil were not available. A price
for camelina meal and oil was derived from this ratio using a displacement ratio of
0.77 kg camelina meal kg-1 soy meal and 1 kg camelina oil kg-1 soy oil, respectively.
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A mean, minimum and maximum (0.34, 0.29 and 0.45 $ kg-1 camelina meal per $ kg-1
camelina oil) allocation ratio was found, based on a 10-year series of monthly price
ratios between soy oil and soy meal.321

4

Figure 4‑4: WtWa GHG emissions for the HEFA camelina pathway using different co-product allocation
methods for camelina meal.

Figure 4‑4 shows that the WtWa GHG emissions for the camelina-based HEFA pathway
range between 37 and 49 gCO2-eq MJ-1 RJF for different allocation methods. Whereas
energy allocation assigns a relatively small share of emissions to the meal, mass
allocation allocates a high share of emissions to the meal due to the large mass of meal
produced. Economic allocation shows a modest range of ±5% due to variability of price
ratios. Although the displacement method is shown as a point value here, different
assumptions regarding displacement ratio, displaced product or emission intensity
of the displaced product may change the result substantially, as was shown in other
studies for e.g. camelina and jatropha-based HEFA RJF.49,50,52

4.5.2 Yield, fertilizer use and hydrogen use
In Figure 4‑3, feedstock cultivation, hydrogen use and conversion were shown to
have an important contribution to the overall WtWa GHG emissions. Therefore,
a sensitivity analysis was performed to determine the impact of the hydrogen, N

142

|

Chapter 4

fertilizer and conversion yields. Ranges for conversion yields were adopted from a
survey of technology performance data (see S4.2).214 Ranges in hydrogen emissions
originate from variability in hydrogen consumption or emission intensity of hydrogen
production. Emissions from N fertilizer input may vary for different management
practices, cultivation locations or calculation methods (see S4.1). Both parameters were
varied by ±20% to illustrate the sensitivity of the WtWa GHG emissions to variance in
these parameters. The ranges were inserted as single permutations and simultaneous
permutations (as indicated by 'All'). The results were calculated using energy allocation.

Figure 4‑5: Sensitivity analysis on hydrogen consumption, N fertilizer input and conversion yield (energy
allocation).

Figure 4‑5 shows that the general merit order is retained in the sensitivity analysis.
Whereas the majority of the pathways show modest ranges (<±20% for simultaneous
permutations), pyrolysis (ex-situ) and DSHC (high blend level) show relatively large
ranges, mainly due to hydrogen being an important determinant for the performance
of these conversion pathways and the uncertainty regarding the conversion yield.
Fertilizer input is shown to have a minor impact on the results. Furthermore, it is shown
that the Base case considers relatively pessimistic yields for DSHC and pyrolysis, while
being optimistic for HEFA, FT and HTL.
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4.5.3 Hydrogen production method
The base results assume hydrogen production using SMR of natural gas. Technological
advancements and a higher penetration of renewable electricity can make more
sustainable hydrogen generation processes technically and economically feasible. Two
other processes were assessed to show the impact of such developments: 1) electrolysis
using renewable electricity from wind, solar and biogenic waste and 2) gasification of
biomass (switchgrass was taken as a proxy for biomass). These pathways were adopted
from GREET.295 The results were calculated using the energy allocation method.

Figure 4‑6: Sensitivity analysis on the hydrogen source (energy allocation).

Figure 4‑6 illustrates that alternative hydrogen generation methods can reduce the
WtWa GHG emissions significantly and shift the merit order, especially for pathways
for which hydrogen consumption is responsible for a high share of the total emissions
such as ex-situ pyrolysis (-71%), ex-situ HTL (-48%), DSHC (-20%/-30%) and UCO-based
HEFA (-34%). For electrolysis, the majority of the conversion pathways show WtWa GHG
emissions below the 50% emission reduction threshold.
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4.6	Discussion
4.6.1 Conversion pathway WtWa GHG emission performance
The first aim of this study was to compare the GHG emission performance of RJF
conversion pathways using different allocation procedures. In terms of feedstock,
it is shown that residues or lignocellulosic crops yield low WtWa GHG emissions,
irrespective of conversion pathway or allocation method. The food and oil crops under
consideration were generally characterized by higher feedstock cultivation emissions,
which originated particularly from the high fertilizer use (except for sugarcane). In terms
of technology, hydrogen consumption and conversion yield were found to be important
determinants of GHG emission performance. Upstream transport and downstream
distribution only contributed marginally to the overall WtWa GHG emissions. Although
considerable uncertainty exists, the merit order of the pathways considered is quite
robust to changes in key input parameters. Wide ranges were particularly observed
for DSHC (high blend level) and pyrolysis (ex-situ) due to uncertainty regarding the
conversion yield.
It is stressed that the results were obtained for a specific spatiotemporal context. The
spatial component may influence emissions from feedstock cultivation and the carbon
intensity of utilities and fossil jet fuel.42,294,314,322,323 Improvements inside and outside the
production system may positively affect the GHG emission performance of RJF over
time (see section 4.6.2).
Table 4‑4 shows a comparison of study results with existing studies using energy
allocation, the displacement method, or a hybrid method. The ranges found are largely
ascribed to variability in methodological approach (e.g. system boundaries or life cycle
inventory elements, i.e. some include land use change emissions) or input data (e.g.
co-product allocation ratios, conversion yields). Despite this variability, studies seem
to agree on the superior WtWa GHG emission performance of FT RJF, irrespective
of the feedstock or allocation method used. Greater methodological variability in
the application of the displacement method causes wider ranges in GHG emission
performance. The observed difference between results from both allocation methods
concurs with existing literature, particularly for conversion pathways with high coproduct allocation ratios or co-products which effectively displace emission-intensive
products (e.g. electricity).49,52,55,327
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Table 4‑4: A comparison of study results with existing literature. 33,34,39,42,43,49,50,52,53,79,231,324
Technologyi

Feedstock

Energy allocation
This study

Ref.

Prior studies

This study

g CO2-eq MJ -1 g CO2-eq MJ -1
HEFA

Displacement method

Ref.

Prior studies

g CO2-eq MJ -1 g CO2-eq MJ -1

UCO

28

17-21

33

28

-

Jatropha

55

37-55

43,49,50

21

-134-63

42,49,50

Camelina

47

18-47

43,52

44

-17-60

52,324

Willow

9

-

-7

-17-10

39,79

Poplar

10

-

-6

-17-10

39,79

Corn Stover

13

8-11

-3

9-14iii

42,49,79

Forestry residues

6

-

-10

10-12

HTL (in-situ)

Forestry residues

18

27ii

18

-

HTL (ex-situ)

Forestry residues

21

-

21

-

Pyrolysis (in-situ)

Forestry residues

22

34

22

-

Pyrolysis (ex-situ)

Forestry residues

41

-

37

-

FT

ATJ

ii

43

231

231

iii

39,42

Corn

54

-

71

-

Corn stover

35

-

22

-

Sugarcane

31

-

31

-27iv

34

Sugarcane

76

-

79

55-100

53

DSHC (10% blend) Sugarcane

47

-

49

-

DSHC (increased
blend level)

i.

ii.
iii.
iv.

Some conversion pathways could not be compared due to lack of reference studies. It should be noted that the
literature entails a much wider feedstock and technology scope than employed in this study, including a wide range of
LCAs of RJF production based on algae species, edible oil crops, and herbaceous crops 325,326.
Based on diesel production, not RJF. It is included in this comparison as it is used as a data source for our computations.
Elgowainy et al. 39, Stratton et al. 49 and Stratton et al. 42 assume all electricity produced during FT synthesis is used
internally.
Relative to Staples et al. 34, this study uses lower yields and a higher electricity emission intensity.

4.6.2 Improving the GHG emission performance of RJF production
The second aim of this paper was to identify improvements inside and outside the
RJF supply chain which lead to further GHG emission reductions. The GHG emission
reduction performance of RJF may improve in the future by higher conversion yields,
better agricultural practice and lower carbon intensity of utilities. At the same time, the
emission intensity of fossil jet fuel will likely increase in the future as the trend towards
the utilization of more heavy and sour (high sulfur) crude oil pursues.42,328 Moreover,
relocation of RJF production can improve the GHG emission reduction performance
significantly; particularly due to the relatively high emission intensity of the US
electricity mix (see Table 4‑3).
The production and use of hydrogen plays a particularly important role in current
and future RJF production, as it is required in almost all pathways. Hence, sustainable
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hydrogen production technologies can have an important contribution towards
reducing the emission intensity of RJF, especially when produced through electrolysis
from renewable electricity. Furthermore, hydrogen consumption can sometimes
be limited due to choice of feedstock, product slate, catalyst, organism or process
conditions.
Deoxygenation remains inevitably important as oxygen is essentially the main
impurity in biomass compared to RJF. In general, oxygen can be removed as water
(using hydrodeoxygenation) and/or (biogenic) carbon dioxide (using decarboxylation,
fermentation or gasification). Provided hydrogen can be produced sustainably,
hydrodeoxygenation may be preferred from a climate change mitigation point of view
as it increases conversion (carbon) yields and limits the emissions of biogenic carbon
dioxide.na On the other hand, pathways removing oxygen through carbon dioxide
(particularly FT and fermentation pathways, but also hydrogen production from
biomass gasification) yield high-purity point-source CO2 streams which can be captured
against modest cost compared to lower-purity CO2 streams from power plants (fossil
and bioenergy-based).329–331 Such bioenergy and carbon capture and storage (BECCS)
options provide the opportunity to achieve negative emission performance for RJF and
can contribute significantly to deep emission reductions on a global scale.63,332,333

4.6.3 Implications for a global meta-standard for RJF
The third aim of this study was to provide input to a global meta-standard for the
calculation of the GHG emission performance of RJF. Whereas methodological
differences can and should be smoothened in a global meta-standard for RJF to avoid
competitive distortion or adverse sustainability effects, spatial differences are real
and should ideally be addressed. Existing databases such as BioGrace, GREET, and
GHGenius could be used as a starting point to determine regional default values (e.g.
energy input and emission factors).
Co-product allocation is of particular importance for RJF production, as co-products
are produced in almost all pathways (particularly fuel co-products in thermochemical
pathways). The results of this study indicate that the choice for energy allocation or a
hybrid method particularly affects pathways producing high amounts of (non-energy)
co-products or co-products which effectively displace carbon intensive products (e.g.
electricity in a US context).
Given the results and the trade-offs between different allocation methods (see section
4.2.6), we propose to employ energy allocation as a base in a global meta-standard,
n
Life-cycle GHG emission assessments generally assume biogenic carbon dioxide emissions to be fully offset by
carbon sequestration during feedstock growth. Nonetheless, such emissions do contribute to radiative forcing until they
are sequestered and as such influence the timing of GHG emission savings (as captured in the carbon payback time).
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supplemented with economic allocation for specific systems. Energy allocation would
likely lead to easier development and implementation, due to its universal character,
indifference to the choice of main product and ability to capture the value of energy
products. For non-energy co-products produced in specific systems, economic
allocation was deemed appropriate as it is subject to fewer methodological and
circumstantial choices than the displacement method.
Such framework necessitates a threshold co-product allocation ratio after which
economic allocation is to be used and an index (or regional indices) on the basis of which
the co-product allocation ratio should be determined, including a defined timespan
and sensible proxies for non-commoditized co-products. Moreover, it is important to
be aware that this combination of allocation methods is sensitive to changes in coproduct use (e.g. using naphtha as a chemical feedstock rather than using it for fuel
production) or the product slate (e.g. produce more (non-energy) co-products at the
expense of RJF yield).49 As some of the conversion pathways considered are flexible
in product output (e.g. FT and HEFA), further research on the impact of product slate
variability is encouraged.

4.6.4 RJF as an emission mitigation instrument for aviation
The mitigation costs of RJF are high compared to other mitigation options for aviation.
Combining techno-economic data from De Jong et al.214 with the results of this study
yields minimum GHG emission mitigation costs of roughly 200 $ t-1 CO2 abated,
irrespective of co-product method (found for HTL at an oil price of 45 $ bbl-1). Although
this figure is indicative and highly dependent on the oil price, these mitigation costs
place RJF at the higher end of other biomass-based mitigation options. 334
Other mitigation options for aviation (e.g. carbon offsets or efficiency improvements in
technology and operations) yield lower mitigation costs; most efficiency improvement
measures come at zero or negative mitigation costs335, while 85% of the global carbon
offsets is currently priced at less than 10 US$ t-1 CO2.336 Although carbon prices are
expected to rise, it is unlikely that carbon prices will approach the mitigation costs for
RJF before 2050. 337–339
Nonetheless, the introduction of RJF is deemed an important part of the industry’s
ambition to structurally reduce GHG emissions.17 Hence, even though the Carbon
Offsetting and Reduction Scheme for International Aviation (CORSIA) will raise the price
of fossil fuel, it is most likely that further reduction of RJF production costs (through
technological learning and maturation of biomass markets) and supplementary
incentives are still required in order for airlines to prefer RJF adoption over buying
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emission credits to comply with the CORSIA scheme on the basis of cost. Given the
substantial development efforts still required to get sufficient volumes of RJF on the
market, the aviation industry cannot afford to rely solely on offsets and efficiency
measures for the coming decade; it will need to continue to actively stimulate the
development of RJF capacity in concurrence with the biofuel and biochemical sectors.

4.6.5 Wider sustainability considerations of RJF production
The results of this analysis alone do not fully represent the climate change mitigation
potential of RJF nor give a guarantee of the overall sustainability of RJF production.
Firstly, this analysis does not include direct or indirect LUC emissions. Including LUC
effects would likely lead to a stronger preference for residues. The magnitude of
LUC emissions may have a positive or negative impact depending on the feedstock
cultivation context (see section 4.2.4). Moreover, the importance of LUC effects is likely
to increase with growing demand for RJF and other biomass-derived products. 322
Secondly, the GHG emission reduction as a result of using RJFs is not immediate. The
timing of GHG emission savings (as captured in the GHG payback period) depends on
the feedstock used and prior land use, since there generally exists a temporal imbalance
(‘carbon debt’) between the time of emission and sequestration of the carbon. The
GHG payback period is particularly long for feedstocks with long rotation periods and/
or natural decay times, such as different types of woody biomass. 340 For the feedstocks
investigated in this paper (residues, annual agricultural crops or short rotation crops),
this effect is probably less relevant.
Thirdly, the system boundaries and functional unit employed in this analysis exclude the
contribution to radiative forcing of other emission species than CO2, N2O and CH4. For
example, water vapor, NOx, soot and sulfate aerosols, as well as contrails and contrailinduced cirrus formation emitted during fuel combustion increase the radiative forcing
by a factor 2-5 relative to the impact of CO2 emissions alone.9 Although RJF has the
potential to reduce some of these combustion emissions (particularly CO, NOx, PM10
and SOx)39,300, the positive impact of RJF on radiative forcing is likely to be lower than
the percentage reduction in life-cycle GHG emissions suggests. 38 Furthermore, other
emissions during the life-cycle (e.g. black carbon or primary organic carbon) or LUCinduced surface albedo effects may also significantly impact the net radiative forcing
effect of biofuels.40,341,342
Lastly, an assessment of the sustainability of RJF should also include other possible
impacts on water use, land use, air quality, health effects, food security, and biodiversity,
most of which are highly circumstantial and transcend the domain of RJF.16,39,343,344
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Conclusion

This study compares the Well-to-Wake (WtWa) GHG emission performance of various
RJF conversion pathways and shows the impact of different co-product allocation
procedures. Conversion pathways based on residues or lignocellulosic crops yield low
WtWa GHG emissions, irrespective of allocation method. The FT pathway shows the
highest GHG emission savings (86-104%) of the pathways considered, followed by HTL
(77-80%), pyrolysis (54-75%), UCO-based HEFA (68%), and sugarcane- (71-75%) and
corn stover-based ATJ (60-75%). The largest differences between energy allocation
and the hybrid method (using the displacement method for non-fuel co-products)
were found for conversion pathways producing high amounts of co-products or coproducts which effectively displace carbon intensive products, such as FT, jatrophabased HEFA or corn-based ATJ. This study was framed in a particular spatiotemporal
context; a comparison of RJF production across regions and timeframes using different
assessment frameworks is recommended to determine the impact of methodological
and actual differences on the GHG emission intensity of RJF production. Also, this
assessment does not include emissions from land use change and could thus over- or
underestimate the GHG emission performance in specific contexts.
The GHG emission performance of RJF can be enhanced by using more sustainable
sources of electricity and hydrogen (e.g. biomass or renewable electricity), improving
agricultural practices and advancing RJF technologies. Also, some pathways provide
the opportunity to be combined with carbon capture and storage, potentially
yielding negative emissions at relatively modest cost compared to other options for
carbon capture and storage. Future research should evaluate the potential of these
improvement options, preferably from a broader energy systems perspective.
The inclusion of RJF in a global carbon offsetting scheme requires a harmonized
methodology to assess the GHG emission performance of different RJFs. We recommend
using energy allocation as a base, supplemented with economic allocation for systems
yielding high shares of non-energy co-products. This combination of allocation methods
leverages the universal character of energy allocation and the ability of economic
allocation to properly value non-energy co-products. The allocation methodology is
only one of the aspects of a global meta-standard; broad cooperation is required to
develop a robust framework which needs to be flexible to account for spatial diversity
yet standardized to avoid competitive distortion or adverse sustainability effects.
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S4	Supplementary Information
S4.1

Input data

All feedstock cultivation and conversion was considered to occur in the US, except sugar canebased ATJ and DSHC (Brazil). For sugarcane-based conversion pathways all cultivation and
conversion inputs correspond to a Brazilian context. Consequent downstream transport of RJF
from Brazil to the US was accounted for (see section S.4.1.5).

S4.1.1 Feedstock cultivation
The inputs for feedstock cultivation are displayed in Table 4‑5. The emission factors corresponding
to the inputs were obtained from GREET. Emissions for the production of residues (corn stover,
forestry residues) or food by-products (used cooking oil) were considered from the time of
collection. It was not chosen to allocate a portion of the cultivation emissions to the residue
or by-product to avoid additional assumptions on input data and allocation methodology.
Fertilizer inputs for corn stover were based on the required supplementary fertilizer to replenish
soil nutrients after corn stover harvesting; no fertilizer for the production of forest residue was
assumed. 345 Used cooking oil was considered a recycled product, hence emissions from used
cooking oil production were excluded. 33,315,346 Emissions from residue collection were included.
Besides emissions from fertilizer production and application, N2O emissions are also caused by
direct and indirect conversion of N fertilizers in the soil 39. Direct emissions result from nitrification
and denitrification cycles. Indirect emissions are caused by nitrate leaching and volatilization of
nitrates 292. The conversion rate to calculate the N2O emissions per unit of N fertilizer applied is
highly uncertain as it depends on local factors such as soil and climate conditions, farm practices,
N fertilizer type, and application rate.42,52,290,292
The reference studies used in this analysis utilize different conversion rates to calculate the N2O
emissions from N fertilizer. For the majority of the feedstocks (poplar, willow, forest residue,
corn stover, corn and sugarcane) the conversion rates as specified in GREET were used (1.525%
for poplar, willow, forestry residues, corn stover, and corn, and 1.22% for Brazilian sugarcane). 292
These factors were determined from an extensive literature survey. N2O emissions from jatropha
and camelina cultivation were calculated using the IPCC Tier 1 methodo,areporting conversion
rates of 1.325% for N fertilizers and 1.225% nitrogen from crop residues.42,52
The conversion rates as specified in the reference study were also adopted in this study. To
account for the uncertainties associated with N2O soil emissions, the impact of fertilizer use was
analyzed in the sensitivity analysis.

o

More information on the IPCC Tier 1-3 methods can be found in 457.

Poplar

Willow

Corn stover

Forestry residues

Sugarcane

Corn

Poplar

Willow

Corn stover

Forestry residues

Sugarcane

Corn

UCO

Poplar

Willow

Corn stover

Forestry
residues

Sugarcane

Corn

UCO

Poplar

Willow

Corn stover

Forestry
residues

Sugarcane

Corn

0.18

0.04

0.14

0.26

0.18

0.25

-

1.18

0.05

0.02

-

-

0.00

-

-

-

0.02

0.01

-

-

0.00

-

-

-

-

MJ kg-1
product

MJ kg-1
product
-

Electricity

5.20

0.30

-

8.77

-

1.01

-

17.40

Natural gas

The straw is assumed to be burnt on the field

Camelina
seeds

Camelina

1.50

MJ kg-1
product

Diesel

5.39

1.00

-

15.04

-

2.02

-

11.60

14.00

0.05

0.01

-

-

-

-

-

-

-

MJ kg-1
product

Gasoline

g kg-1 product

40.20

P2O5

K 2O
g kg-1 product

N

0.06

0.02

-

-

-

-

-

-

-

MJ kg-1
product

LPG

15.09

0.80

-

8.77

2.85

3.02

-

43.00

36.60

CaCO3

40.98

5.20

-

-

-

2.38

-

-

-

Sugarcane strawi

0.28

0.05

-

-

0.03

0.15

-

-

-

17

2.36

2.50

-

-

-

-

-

-

-

295

295

Brazil
US

295

295

295

295

33,347

295

295

US

US

US

US

US

US

US

Source

Insecticides
-

Geography

Herbicides

g kg-1 product

g kg-1 product

Other inputs

g kg-1 product
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Jatropha
seeds

Jatropha

Product

UCO

UCO

Utilities

Camelina seeds

Camelina

(continued)

Jatropha seeds

Jatropha

Product

Fertilizer

Table 4‑5: Input values for feedstock cultivation.
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Process

Oil extraction

Oil extraction

Rendering

Feedstock

Jatropha

Camelina

UCO

1.66

kg kg-1 yellow
grease

-1

g seed MJ oil

g seed MJ -1 oil

0.0040

0.017

Diesel

Electricity

0.0023

Electricity

0.039

0.0027

Hexane

Natural gas

0.031

0.0047

Hexane
Natural gas

0.049

Natural gas

Other inputs

MJ MJ -1 oil

MJ MJ -1 oil

MJ MJ -1 oil

MJ MJ -1 oil

MJ MJ -1 oil

MJ MJ -1 oil

MJ MJ oil
-1

MJ MJ -1 oil

Camelina
meal

Electricity

Co-product

47.79

0.34

g MJ -1 oil

MJ MJ -1 oil

33,347

52,295

42,295

Source

|

74.36

74.36

Yield

Table 4‑6: Input values for feedstock pre-processing.
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S4.1.2 Feedstock pre-processing

Table 4‑6 shows the assumptions for feedstock pre-processing steps.
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S4.1.3 Upstream transport
Table 4‑7 shows the assumptions used for feedstock transportation. Several transportation
modes are used in GREET.net. The pathways in the scope of this research include heavy-duty
trucks, train and barges. Dunn et al. 348 reports assumptions for the energy intensity and emissions
parameter for transportation used in GREET. The energy intensity for goods transport by rail is
based on data reported to the Surface Transportation Board of the United States Department of
Transportation (DOT). Emission factors are based on values from EPA. The energy intensity and
emissions factors for Heavy-Duty trucks are based on EPA’s Motor Vehicle Emission Simulator
(MOVES) model. GREET includes a Medium Heavy-Duty Truck and a Heavy Heavy-Duty truck.
The energy intensity and emission values for Barge transport is based on research by the Bureau
of Transportation statistics and the Department of Energy. Transportation distances and mode
shares are based on the Freight Analysis Framework (FAF) model of the DOT. The payloads and
transport parameters can be found in GREET. 295

Table 4‑7: Upstream transport assumptions.
Transport
Feedstock

Transport stage

Transport mode

Jatropha

From field to stacks

Medium Heavy-Duty
Truck

From stacks to
extraction plant

Heavy Heavy-Duty
Truck

Distance

Share

Geography

Source

16

100%

US

295

64

100%

US

837

40%

US

Rail

1127

20%

US

Heavy Heavy-Duty
Truck

129

40%

US

From field to stacks

Medium Heavy-Duty
Truck

16

100%

US

From stacks to
extraction plant

Heavy Heavy-Duty
Truck

64

100%

US

1127

33%

US

Heavy Heavy-Duty
Truck

129

67%

US

From collection
location to rendering
plant

Heavy-Heavy Duty
truck

156

100%

US

347

From rendering plant
to conversion facility

Heavy Heavy-Duty
Truck

80

100%

US

295

Poplar

From field to
conversion plant

Heavy Heavy-Duty
Truck

80

100%

US

295

Willow

From field to
conversion plant

Heavy Heavy-Duty
Truck

80

100%

US

295

km

From extraction plant Barge
to conversion plant

Camelina

From extraction plant Rail
to conversion plant

UCO

295
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Corn stover

From field to
conversion plant

Heavy Heavy-Duty
Truck

153

100%

US

295

Forestry
residues

From field to
conversion plant

Heavy Heavy-Duty
Truck

144

100%

US

295

Sugar cane

From field to
conversion plant

Heavy Heavy-duty
truck

19.31

100%

Brazil

295

Corn

From corn field to
stack

Heavy Heavy-duty
truck

64

100%

US

295

From stacks to
ethanol plant

Medium Heavy-Duty
Truck

16

100%

US

S4.1.4 Conversion to RJF
The table below provides supplementary data not tabulated in Table 4-2 and Table 4-3 in the
main text. It should be noted that the level of detail varies among the reference studies. For
example, whereas the catalysts are included for ATJ, they are not included for FT. Similarly,
enzyme and yeast use for sugarcane ethanol production is not included in GREET as the reference
study of Wang et al.292 did not have data available and assumed that their effect on sugarcane
WTWa GHG emissions are small, as is the case for corn ethanol. Based on similar reasoning we
are confident that this study has included the most important inputs from a GHG point of view.
Table 4-8: Conversion assumptions.
Input

Unit

Value

Source

35

DSHC
Yeast

g MJ -1 Jet

1.41E-06

Sodium chloride

g MJ Jet

9.95

Sodium hydroxide

g MJ Jet

0.23

Ammonium hydroxide

g MJ -1 Jet

2.59

Diammonium phosphate

g MJ Jet

0.63

Glucose

g MJ -1 Jet

22.49

Sulfuric acid

g MJ Jet

11.7

Catalyst for hydrotreating

g MJ -1 Jet

0.064

Catalyst for oligomerization

g MJ Jet

0.043

-1
-1

-1

-1

ATJ

-1

296
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Corn stover to ethanol
Corn stover

kg MJ -1 ethanol

0.13

Sulfuric acid

g MJ ethanol

3.10

Ammonia

g MJ ethanol

1.77

Yeast

g MJ -1 ethanol

0.35

Cellulase

g MJ ethanol

1.41

Diesel

MJ MJ -1 ethanol

0.00

Sugarcane

g MJ -1 ethanol

579.89

Residual oil

g MJ -1 ethanol

3.93E-03

-1
-1

-1

295

4

Sugarcane to ethanoli

Corn to ethanolii

295

1

2

3

Alpha Amylase

g MJ ethanol

0.03

0.03

0.03

Gluco Amylase

g MJ -1 ethanol

0.07

0.07

0.07

Yeast

g MJ ethanol

0.03

0.03

0.04

Sulfuric Acid

g MJ ethanol

0.22

0.22

0.23

Ammonia

g MJ -1 ethanol

0.22

0.22

0.23

Sodium hydroxide

g MJ ethanol

0.27

0.27

0.29

Calcium oxide

g MJ -1 ethanol

0.13

0.35

0.14

-1

-1
-1

-1

Natural Gas

MJ MJ ethanol

0.29

0.29

0.45

Electricity

MJ MJ -1 ethanol

0.03

0.034

-

Coal

MJ MJ ethanol

2.00E-03

0.03

0.17

vi.
vii.

-1

-1

295

Sugarcane straw and sugarcane bagasse is used for internal heat and power.
GREET uses a weighted average of three different corn ethanol technologies. Dry mill ethanol production without
corn oil extraction (1), dry mill ethanol production with corn oil extraction (2), and wet mill ethanol production (3)
respectively produce 18.23%, 72.91% and 8.87% of the total produced ethanol.

S4.1.5 Downstream distribution
Downstream distribution includes the transportation of the RJF to a blending terminal,
blending operations, transportation to the airport tank farm, storage and distribution
in the airport hydrant system. Input data is listed in Table 4‑8 and Table 4‑9. Electricity
use for storage and blending was obtained from BioGrace. 315 Similar to BioGrace,
variance in energy use as a result of different blend walls for each RJF type was not
taken into account.
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Table 4‑9: Energy use for blending and storage.
Supply chain component Value

Unit

Source

Blending (filling station)

0.0034

MJ electricity MJ RJF

315

Storage (depot)

0.00084

MJ electricity MJ -1 RJF

315

-1

Table 4‑10: Transport distance downstream distribution.
Transport
Product

Transport stage

Transport mode

Distance

Share

Geography

Source

km
RJF

Conversion plant to bulk
terminal

Barge

837

8%

US

295

Rail

1287

29%

US

295

Heavy Heavy-Duty
Truck

80

63%

US

295

RJF

Blending terminal to airport
farm

Heavy Heavy-Duty
Truck

48

100%

US

295

RJFi

Conversion plant to bulk
terminal

Heavy Heavy-Duty
Truck

692

100%

Brazil

295

RJFi

Bulk terminal Brazil to US
terminal

Small Ocean Tanker

11935

100%

Brazil-US

295

RJFi

US terminal to blending
terminal

Heavy Heavy-Duty
Truck

48

100%

US

295

i.

Only applicable for sugarcane-based pathways.

S4.2	Sensitivity analysis yield ranges214
Table 4-11: Sensitivity analysis yield ranges. 214
Base

Pessimistic

Optimistic

kg fuel product kg-1 feed
HEFA

FT

UCO

0.88

0.75

0.89

Camelina oil

0.88

0.75

0.89

Jatropha oil

0.88

0.75

0.89

Poplar

0.19

0.13

0.22

Willow

0.19

0.13

0.22

Corn stover

0.18

0.13

0.22

Forestry residues

0.21

0.13

0.22

HTL in-situ

Forestry residues

0.27

0.17

0.36

HTL ex-situ

Forestry residues

0.27

0.17

0.36

Pyrolysis in-situ

Forestry residues

0.24

0.26

0.36

Pyrolysis ex-situ

Forestry residues

0.24

0.26

0.36

ATJ

Ethanol

0.54

0.53

0.58

DSHC increased blend wall

Sugari

0.18

0.15

0.30

DSHC 10%

Sugari

0.18

0.15

0.30

i.

Sugar to farnasene yield.
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S4.3	Energy allocation and displacement method
For a hypothetical system with one main product and one co-product, the GHG emission
intensity of the main product can be calculated as follows:

4
In which ε is the specific GHG emission intensity for the total system (including the product and
co-products) and the displaced product. The product share (ηp), co-product allocation ratio (rA)
and displacement ratio (rD) are defined here as:

In which E is the energy content of the product (p), co-product (cp) and displaced product
(dp). The parameters ηp and rD can be defined in terms of units (e.g. kg kg-1, MJ MJ -1). To avoid
conversion, we use MJ MJ -1 in this example. It should be noted that ηp is inversely proportional
to rA. Furthermore, equation 1 and 2 show that while energy allocation yields strictly positive
emission intensities (excluding the possibility that the total system is carbon negative due to
the application of carbon capture and storage), the displacement method may give negative
emission intensities.
The difference (Δ) between the GHG emission intensity of the main product using energy
allocation and the displacement method is expressed as:

The sign of the difference is determined by the term
allocation yields higher GHG emissions when:

. Hence, energy

The displacement method yields higher GHG emissions for systems in which:

As an illustration we take a system in which the co-product is green electricity. As electricity is
often a direct substitute for grid electricity rd is likely equal to 1. As such, inequalities 6 and 7

158

|

Chapter 4

reduce to a comparison between the emission intensity of the displaced product (grid electricity)
and the energy intensity of the system. For systems having lower specific emission intensity
than grid electricity, the displacement method will always yield a lower GHG emission intensity
for the main product. For systems having higher emission intensity than grid electricity, the
energy allocation method will always yield lower results than the displacement method.
The size of Δ grows with higher co-product allocation ratios and increasing divergence between
the terms
and
. In other words, larger differences between the
results of both methods may be expected for systems producing high amounts of co-products.
Furthermore, for systems which are much less emission intensive than the system producing
the displaced product (i.e.
) larger differences between both
methods occur for systems producing co-products that effectively displace emission intensive
products (i.e. high
and
).
For systems with more co-products the general dynamics still hold, i.e. higher allocation ratios
will lead to higher differences. Calculation of the sign of the difference requires, however, more
parameters than postulated for the example system above.

Life-cycle analysis of renewable jet fuel production

|

159

4

5
Using the Relative Climate Impact
performance indicator to quantify
the climate impact of bioenergy
production systems

Sierk de Jong1,*, Mark Staples2, Carla Grobler2, Vassilis Daioglou3,
Robert Malina2,4, Steven Barrett2, Ric Hoefnagels1, André Faaij5,
Martin Junginger1
1.
2.
3.
4.
5.

Copernicus Institute of Sustainable Development, Utrecht University,
Utrecht, The Netherlands.
Laboratory of Aviation and the Environment, Massachusetts Institute of
Technology, Cambridge, United States.
Department of Climate, Air and Energy, PBL Netherlands Environmental
Assessment Agency, The Hague, The Netherlands.
Center for Environmental Sciences, Hasselt University, Hasselt, Belgium.
Energy Academy Europe, University of Groningen, Groningen,
The Netherlands.

Submitted

162

|

Chapter 5

5	Abstract
The climate impact of bioenergy is commonly quantified in terms of CO2-equivalents,
using a fixed 100-year global warming potential as an equivalency metric. This method
has been criticized for the inability to appropriately address emissions timing and
the focus on a single impact metric, which may lead to inaccurate or incomplete
quantification of the climate impact of bioenergy production. In this study, we formulate
the Relative Climate Impact (RCI), a novel time-dependent performance indicator
for bioenergy systems. The RCI offers the flexibility to analyze system performance
for different value judgments regarding impact categories (e.g. emissions, radiative
forcing and temperature change), equivalency metrics, and analytical time horizon.
It may be used by policy makers to set two-dimensional performance thresholds
based on the maximum climate impact and time horizon. The application of the RCI
to fourteen bioenergy systems illustrates how value judgments affect the merit order
of bioenergy systems, because they alter the importance of one-time (associated
with land use change emissions) versus sustained (associated with carbon debt or
foregone sequestration) emission fluxes and short- versus long-lived climate forcers.
Best practices for bioenergy production (irrespective of value judgments) include high
feedstock yields, high conversion efficiencies and the application of carbon capture and
storage. Furthermore, this study provides examples of production contexts in which
the risk of LUC emissions, carbon debt or foregone sequestration can be mitigated.
For example, the risk of indirect LUC emissions can be mitigated by accompanying
bioenergy production with increasing agricultural yields. Moreover, production
contexts in which the counterfactual scenario yields immediate or additional climate
impacts can yield highly negative RCI values. The RCI can also be used to compare
other energy systems, particularly those with time-dependent emission profiles, such
as electric vehicles.
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Introduction

Biomass is an important renewable energy source in climate change mitigation
strategies, particularly for sectors relying on energy-dense liquid fuels, such as aviation,
shipping and long-haul trucking.195,349 The conventional approach to quantify the
climate change mitigation value of bioenergy is based on cradle-to-grave life-cycle
assessment (LCA) of greenhouse gas (GHG) emission fluxes (GHG-LCA), using the 100year global warming potential as an equivalency metricpa to convert non-CO2 emissions
into CO2 equivalents. This method is widely employed to compare system performance
and to determine compliance of bioenergy systems to sustainability standards or
policies.
In the context of bioenergy, the conventional GHG-LCA approach is criticized for its
treatment of time-dependent emission profiles and the related climate impacts. 56–61
The net emission profile of bioenergy production is determined by 1) the cradle-tograve life-cycle production emissions, 2) the displaced (fossil) emissions, 3) direct
emissions from e.g. carbon stock changes in the feedstock production area and 4)
indirect emissions from market-mediated effects. Emission fluxes from the latter two
effects are generally time-dependent, particularly when land clearing is involved
(instigating land use change (LUC) emissions) and/or long-rotation feedstocks are
used (e.g. forestry biomass).59,350–353 These emission fluxes are measured against the
initial carbon stocks or the carbon stocks in a counterfactual scenario in which no
bioenergy is produced. The conventional GHG-LCA approach often employs linear
amortization of carbon stock changes, measured relative to the initial carbon stocks,
over an arbitrary production period.60 Alternatively, a parity point can be calculated at
which emissions of bioenergy production equal the emissions of the counterfactual
scenario.354 However, both methods neglect the fact that the climate impact of GHGs
increases with the atmospheric residence time and may therefore lead to incomplete
conclusions about (relative) system performance and the timing of climate mitigation
benefits.56–61 The use of discount rates57,59,355 and time correction factors60,62 have been
proposed; however, the former does not have a physical basis in climate science, and
the latter is unable to consider prolonged temporal variability of emission profiles.
Moreover, the use of a single performance indicator, as defined by the impact category,
equivalency metric and analytical time horizon used in the conventional approach,
does not reflect the complexity of the climate system. 37 The climate impact can be
quantified according to different impact categories along the cause-effect chain
(i.e. GHG emissions, radiative forcing, temperature change and climate damages) at
or over different analytical time horizons for instantaneous and cumulative metrics,
p

Equivalency metrics are also commonly referred to as normalized (emission) metrics or characterization factors.
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repectively.37,56,61 The impact categories exhibit different temporal responses to
emission pulses, which affects the impact of emission timing. 59–62 Similarly, the choice of
equivalency metric affects the relative importance of short-lived to long-lived emission
species.37 Additionally, the analytical time horizon determines the cut-off point of the
analysis, thus excluding impacts beyond a certain time. The choice of performance
indicator therefore contains a value judgment about the weighting of one-time versus
sustained emission fluxes and short- versus long-lived climate forcers, and can thus
benefit or disadvantage the evaluation of systems with a particular emission profile.1
Bioenergy systems demonstrate a wide variety of emission profiles, in terms of both
emission species and timing. Therefore, it is necessary to consider the time-dependence
and the impact of value judgments in bioenergy GHG-LCA to be able to properly
quantify and compare their performance. Various authors have proposed methods to
incorporate one of the aforementioned aspects in LCA. Some studies focus on dynamic
performance indicators to incorporate time-dependent emission profiles, such as the
Fuel Warming Potential59, Carbon Neutrality Factor47,356 or Carbon Balance Indicator357.
Other authors have proposed alternative equivalency metrics, which vary in equivalency
base, time horizon and type of time horizon (time-dependent or fixed). 37,57,61,350,358–361
In addition, several studies have quantified the performance of bioenergy systems
for different impact categories, such as radiative forcing, temperature change and
economic damages.59,62,352,353,362,363
Building upon prior efforts, we define a dynamic performance indicator, the Relative
Climate Impact (RCI). To the best of our knowledge, the RCI is the first performance
indicator that enables consistent comparison of the climate impact of bioenergy
systems with different time-dependent emission profiles, while offering the flexibility
to compare the effects of value judgments regarding the impact category, analytical
time horizon and equivalency metric. The use of the RCI was illustrated for various
bioenergy systems with different temporal emission profiles to study the impact of
different emission profiles and value judgments. A reduced-order climate model
was employed to translate emission profiles into impact categories and quantify the
associated uncertainty.
The remainder of this chapter is structured as follows. Section 5.2 introduces a
generalized approach to assess the climate impact of bioenergy systems using
the RCI and demonstrates the approach for three bioenergy systems. Section 5.3
discusses the RCI results and quantifies the uncertainty associated with climate impact
modeling. Section 5.4 introduces variations on the three bioenergy systems in scope
to quantify the relative importance of emission sources (e.g. life-cycle emissions, LUC
emissions, carbon debt and foregone sequestration) and identify best practices for
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bioenergy production. Section 5.5 discusses the merits and limitations of the RCI and
the implications for evaluation of bioenergy systems. Section 5.6 provides the main
conclusions of this study.

5.2

Methods

5.2.1	Bioenergy systems in scope
The three bioenergy systems in scope were selected based on their distinct emission
profile (Table 5‑1). The systems are stylized examples chosen to demonstrate the use
of the RCI for systems with different emission profiles, and therefore may contain
simplifying assumptions. The selected systems produce 10 PJ yr-1 middle-distillate (MD)
transport fuels (gasoline, diesel and/or jet fuel) on a commercial scale destined for the
US market. The HEFA-UCO system is based on full hydrodeoxygenation of used cooking
oil, a residue from the food industry. The FT-DWD system employs gasification and
Fischer-Tropsch synthesis based on downed woody debris (DWD) from loblolly pine.
The ATJ-SC system is based on the Alcohol-to-Jet technology, which converts alcohols
(in this case sugarcane ethanol) to MD fuels through dehydration, oligomerization and
hydrogenation. Hydrogen consumption in the HEFA-UCO and ATJ-SC case is covered by
steam methane reforming of natural gas.
Table 5‑1: Characterization of the bioenergy systems in scope.
Bioenergy scenario

Counterfactual
scenario

Fossil
baseline

System
code

Technology

Feedstock

Production
Location

Direct
emissions

Indirect
emissions

HEFAUCO

Hydroprocessed
Ester and Fatty
Acids

Used
cooking oil

US

Not
applicable
(residue
from food
industry)

No
substitution
effect
assumed

Burning used
cooking oil
without energy
recovery

US dieseltype fossil
fuels

FT-DWD

Gasification and
Fischer-Tropsch
synthesis

Downed
woody
debris
(loblolly
pine)

Eastern US

Residue
removal
creates
a carbon
debt

No indirect
emissions
assumed
(residues
were not
utilized
before)

Natural aerobic
decay of downed
woody debris

US dieseltype fossil
fuels

ATJ-SC

Fermentation
and Alcoholto-Jet

Sugarcane

Brazil (grassy
cerrado),
imported to
the US

Carbon
stock
change
due to land
clearance

None

Foregone
sequestration
due to growth
of natural
vegetation

US dieseltype fossil
fuels
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5.2.2	Dynamic life cycle inventory
5.2.2.1 Generalized approach
A dynamic Life Cycle Inventory (LCI) contains a time-dependent inventory of emission
fluxes, grouped by emission species (denoted with subscript ).57–59 A separate LCI exists
for the bioenergy (bio) and counterfactual (cf) scenario, which represent alternative
futures diverging from the production start year (t0). The LCI is defined from to the
LCI time horizon (
).59 If
is longer than the production time horizon (
),
post-production emission fluxes (e.g. regrowth) should be included.
The LCI of the bioenergy scenario (bio) consist of life-cycle production emissions
), direct emissions in the biomass production area (
), and indirect
(
emissions from market-mediated effects (
) (eq. 1). Direct emissions may
include methane emissions from wetland drainage, or carbon stock changes from
LUC or carbon debt. Indirect emissions may occur when increased crop production
for bioenergy purposes affect global agricultural and fuel markets and give rise to
additional emissions in other sectors. Indirect LUC emissions are a prominent example
of a market-mediated effect, whereby bioenergy production induces land conversion
elsewhere, e.g. due to increasing commodity prices. Biogenic combustion emissions
in the bioenergy scenario should be included in
or be accounted for in
(i.e. adding the combustion emissions to the carbon sequestration due to feedstock
growth).
The counterfactual scenario (cf) represents the anticipated future scenario in which no
bioenergy is produced. It includes the life-cycle emissions of the main (fossil) products
), direct emissions
directly displaced by the produced quantity of bioenergy (
in the biomass production area (
) and indirect emissions (
) (eq. 2). Direct
emissions in the counterfactual scenario often involve foregone sequestration, which
includes the future sequestration that would have occurred in the intended biomass
production area if no bioenergy was produced. If system expansion is used, emissions
from displaced co-products should also be considered in the counterfactual scenario
(
). If mass, energy or market value allocation is used for co-product allocation,
all emission fluxes in the bioenergy and counterfactual scenarios should be allocated
accordingly.44
System performance is often benchmarked against a fossil baseline to calculate the
relative reduction and allow for comparison among systems. In biofuel regulation
such as the US Renewable Fuel Standard 2 (RFS2) or EU Renewable Energy Directive
(RED), the fossil baseline (or “fossil comparator”) is often pre-defined based on average
emission factors for a benchmark fossil product. In the current dynamic formulation,
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the fossil baseline is assumed constant over time and includes life-cycle emissions of
the benchmark product (
) (eq. 3).

In the formulation in eq. 1-3, sequestration is considered a negative emission. Unlike
customary practice to allocate the difference in carbon stock between the bioenergy
and counterfactual scenario entirely to the bioenergy scenario (see e.g. Zanchi et al.’s
carbon neutrality factor356), the dynamic LCI presented above quantifies the emission
fluxes in year relative to
in both scenarios, thus tracking actual emissions to the
atmosphere. This distinction is required to calculate impact categories further down
the cause-effect chain, due to the non-linear relation between GHG emissions and
these impacts.

5.2.2.2 Dynamic Life Cycle Inventory for the bioenergy systems in scope
Based on eq. 1-3, a dynamic LCI was constructed for the bioenergy systems in scope.
The LCI comprised CO2, CH4 and N2O emissions for the bioenergy and counterfactual
scenarios and fossil baseline for
=
= 100 years (Figure 5‑1 and Table 5‑2).
The emissions were summed by emission species and quantified per MJ of MD fuels.
It was assumed that none of the systems cause indirect emissions, as quantifying the
indirect emissions requires economic modelling (e.g. general equilibrium modeling),
and involves considerable uncertainties.304 Biogenic emissions (from e.g. biomass or
biofuel combustion) were assumed equal to the carbon sequestration from feedstock
growth within the same year on a landscape level and were hence omitted from the
LCI.
Life-cycle emissions and displaced emissions were calculated using the Greenhouse
gases, Regulated Emissions and Energy use in Transportation model (GREET.net
v.1.3.0.13107), using system expansion and cradle-to-grave supply chains described in
and
. The
de Jong et al.232 Life-cycle emissions were assumed constant over
fossil baseline was based on emission factors for diesel-type fuels as defined in the US
RFS2.364
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Table 5‑2: LCI for CO2, CH4 and N2O for three bioenergy systems.
System

HEFA-UCO

Scenario

Bioenergy

Counterfactual Bioenergy Counterfactual Bioenergy Counterfactual

FT-DWD

ATJ-SC

Baseline

LCICO2(t)

g MJMD-1

30

99

Time-dependent (Figure 5‑1) Time-dependent (Figure 5‑1) 89

LCICH4(t)

g MJMD

0.12

0.19

0.020

0.22

0.20

0.20

0.094

LCIN2O(t)

mg MJMD-1 3.4

3.1

4.1

4.6

38

3.6

2.2

-1

Figure 5‑1: Dynamic LCI of three bioenergy systems in scope, showing instantaneous CO2 emissions.

For simplicity, direct emissions were assumed to include carbon stock changes only. For
the ATJ-SC system, carbon stock changes were modeled using the Lund-Potsdam-Jena
with Managed Land (LPJml) model within the Integrated Model to Assess the Global
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Environment (IMAGE) (S5.1). 322 The model tracks changes in above- and below-ground
carbon, carbon in soil litter and soil carbon. The analysis uses the yearly average carbon
stock of the grassy cerrado grid cells in Brazil. The model was run from 2020 to 2100,
after which carbon stocks were assumed to stabilize. The sugarcane bagasse was used
to produce electricity and heat, while sugarcane straw was assumed to be burnt in the
field.320 Sugarcane yield was obtained from the LPJml model and was kept constant at
2015 levels (199 GJ ha-1).
The irregular behavior of the emission curves in Figure 5‑1 is caused by the 5-year time
step used in IMAGE. The initial spike in emissions in the bioenergy scenario is caused
by LUC emissions from land clearing. The remainder of emissions are due to loss of soil
emissions
organic carbon over time. The counterfactual scenario shows negative
due to foregone sequestration, since it was assumed that carbon stocks are not yet in
equilibrium.
The FT-DWD case used DWD from a loblolly pine forest in which carbon stocks were
assumed in equilibrium on a landscape level, hence no carbon stock changes were
considered in the counterfactual scenario. The removal of DWD in the bioenergy
scenario causes a carbon debt relative to the counterfactual in which DWD is left to
decay. The portion of remaining DWD in the counterfactual scenario was approximated
in which k
using a simple exponential decay function
365
equals the annual decay rate (k=0.041 for loblolly pine). The carbon debt over time
due to continuous extraction was computed by the convolution of the yearly extraction
rate and the decay function. The carbon content of DWD was assumed to be 50% of
total mass and constant over time. It was further assumed that below-ground carbon
was not affected by the extraction of DWD and all carbon in the biomass decays as
CO2 (no CH4 was produced). As shown in Figure 5‑1, continuous extraction of DWD in
the bioenergy scenario causes a large reduction in carbon stock initially, until a new
equilibrium is reached after approximately 100 years.

5.2.3 Quantifying the climate impacts
5.2.3.1 Generalized approach
The impact of GHG emissions on the earth’s climate can be evaluated for different
impact categories along the cause-effect chain (Figure 5‑2). The emission of GHGs
changes the atmospheric concentration of the respective species. GHGs are naturally
removed from the atmosphere at a species-specific rate due to interactions with
the atmospheric, terrestrial and oceanic system. The emission concentration in the
atmosphere instigates a net change in the energy balance of the earth system (‘radiative
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forcing’), which consequently causes a change in global mean surface temperature
(‘temperature change’). The temperature response is delayed due to the inertia of the
climate system (e.g. thermal inertia of oceans). Temperature change, in turn, may be
related to impact categories such as sea level rise and welfare loss. Compared to other
climate indicators, GHG emissions are quantified with more certainty and regulated
more easily. Moving down the cause-effect chain generally increases the policy
relevance, but also increases the scientific uncertainty.61

Figure 5‑2: Cause-effect chain for GHG emissions (adapted from Cherubini et al.61).

Conventional GHG-LCAs and parity point analyses generally evaluate system
performance at the GHG emission level. The conversion of emission profiles to
other impact categories can be done using complex climate models366, reducedorder climate impact models (e.g. MAGICC367, ACC2368 or APMT-IC369,370) or following
simpler relationships between the indicators as described in various sources59,61,363,371.
Equivalency metrics are often used to translate the impact of non-CO2 emissions into
CO2 equivalents. Climate efficacies can be used align the temperature response of
species-induced radiative forcing (S5.2).61
As the climate response extends beyond the time of the emission discharge, it is required
to define an analytical time horizon
at which the impact category is evaluated. The
often exceeds the production and LCI time horizon (
and
).

5.2.3.2 Quantifying the climate impact of the bioenergy systems in scope
The climate module of the Aviation Environmental Portfolio Management Tool (referred
to as APMT-Impacts Climate (APMT-IC)) was used to calculate impact categories from
the dynamic LCIs described in section 5.2.2.2. APMT-IC is a reduced-order climate model
which models the physical and monetary impacts of CO2, CH4, N2O, sulfates, soot, NOx
and H2O emissions. Although the toolset, its algorithm, and assumptions have been
well-documented and used in numerous previous studies38,362,369,370,372–375, it has recently
undergone a number of updates to align to the state of the science. Therefore, the
methods APMT-IC used in this study are presented in S5.3. For current purposes, the
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use of APMT-IC was confined to CO2, CH4, and N2O emissions. The equivalency metrics
to equate CO2, CH4, and N2O emissions were calculated with APMT-IC. For this study,
APMT-IC applied climate efficacies from the Model for Assessment of Greenhouse
Gas Induced Climate Change (MAGICC6) (S5.2). 367 The model was run using an RCP 2.6
background emission scenario. The impact of using an RCP 8.5 scenario is discussed in
S5.4.
The quantification over time of climate impacts beyond GHG emissions introduces
scientific uncertainty related to climate impact modeling. 37,56,61,376 APMT-IC captures
this type of uncertainty using Monte Carlo simulation, in which key model parameters
were varied using predefined probabilistic distributions.370 The climate impact was
calculated using the mean and 5 and 95 percentile results. For sake of clarity, only the
mean values are shown in the results below; the associated uncertainty is addressed
separately in section 5.3.2.

5.2.4 Introducing a flexible performance indicator
5.2.4.1 Generalized approach
In conventional GHG-LCA, the climate impact of bioenergy systems is often evaluated
using the net GHG emission reduction or relative GHG emission reduction. The net
GHG emission reduction is calculated by subtracting the life-cycle emissions of the
bioenergy system (bio) by the emissions of a counterfactual scenario (cf), i.e. life-cycle
emissions of the displaced (fossil) product(s) and, if system expansion is used, potential
co-products (eq. 4). The relative GHG emission reduction performance is quantified by
dividing the net GHG emission reduction by the GHG of a fossil baseline, e.g. electricity,
diesel or gasoline (eq. 5).
(4)

(5)

In this analysis, we introduce a time-dependent performance indicator, the relative
climate impact (RCI) (eq. 6), which was defined analogous to the relative GHG emission
reduction. The RCI quantifies the net climate impact of a production system relative to
.
a fossil baseline at the analytical time horizon,
(6)
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The RCI is time-dependent and offers the flexibility to alter the impact category
(including the equivalency metric used) and analytical time horizon. As such, it can
be used to compare systems with varying temporal emission profiles and evaluate the
effect of key value judgments. A negative RCI implies that the bioenergy scenario has a
climate benefit over the counterfactual scenario. For example, an RCI of -0.5 indicates a
50% reduction in a particular impact category relative to the fossil baseline.
The relative formulation was selected over the net climate impact, as a dimensionless
parameter allows for comparison between RCI based on different impact categories.
Moreover, the scientific uncertainty associated with climate models converges when
the numerator and denominator in eq. 6 are of the same order of magnitude, since the
uncertainty grows approximately proportional to the climate impact (section 5.3.2).
Unlike previously proposed indicators47,59,62,356, the RCI is defined relative to a fossil
baseline instead of the counterfactual scenario to allow for comparison of production
systems with different counterfactual scenarios.
The RCI is a generalized performance indicator to quantify environmental system
performance, of which the relative GHG emission reduction and carbon parity point
are specific examples. The relative GHG emission reduction method often employs
linear amortization of initial LUC emissions over an amortization period. This approach
is mathematically equivalent to evaluating the RCI for cumulative emissions at an
analytical time horizon equal to the amortization period, with the relevant exception
that the RCI formulation also includes emission fluxes beyond the first year of the
project (e.g. from foregone sequestration). The carbon parity point is the analytical
time horizon for which the RCI for cumulative emissions equals zero. The RCI can
therefore be used for direct comparison between conventional performance indicators
and indicators using a different point of evaluation.

5.2.4.2	Quantifying the relative climate impact of the bioenergy systems in
scope
The climate impact of the bioenergy systems was evaluated for three impact categories,
based on their distinct temporal response:
1. Cumulative emissions using a fixed GWP100 as an equivalency metric (RCIEm,cum),
2. Instantaneous radiative forcing using climate efficacies (RCIRF,inst),
3. Cumulative temperature change (RCIΔT,cum).
Cumulative indicators generally respond more slowly to emission events compared
to instantaneous indicators, because they record all impacts over the analytical time
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horizon. The change in instantaneous radiative forcing is faster than cumulative
emissions, as it depends emission concentrations which include emission decay
mechanisms. Radiative forcing also responds faster than temperature change, as
temperature response is delayed due to the inertia of the climate system.362
A comparison of different equivalency metrics to compute RCIEm,cum can be found in
S5.2, as the effect on system performance was small compared to the choice of impact
category and analytical time horizons.

5.3

Results

5.3.1 Climate impact and analytical time horizon
Figure 5‑3 shows the RCIEm,cum, RCIRF,inst and RCIΔT,cum for the three bioenergy systems. The
RCI curves for HEFA-UCO are relatively stable over time and across the three impact
categories, due to its constant emission profile. The RCI curves for ATJ-SC start high
initially (RCIEm,cum= 39.6), but decline rapidly as the impact of upfront LUC emissions
fades over time. The FT-DWD system shows a steady decline, because the emission
pulses associated with carbon debt are generally less irregular over time compared
to initial LUC emissions. The RCI curves start to stabilize after 100 years, as the THLCI is
reached.
The choice of impact category affects observed system performance, particularly
for systems with time-dependent emission profiles such as the ATJ-SC and FT-DWD
systems. For example, the ATJ-SC system reduces instantaneous radiative forcing by 9%
relative to the fossil baseline after 100 years, while it increases cumulative temperature
change by 50% over the same analytical time horizon. Due to their distinct temporal
response, the choice of impact category also alters the importance of one-time versus
sustained emissions. Systems with large initial LUC emissions, such as ATJ-SC, yield
lower RCI scores when evaluated based on instantaneous and rapidly responding
impact categories (i.e. instantaneous radiative forcing), compared to cumulative and
slowly responding impact categories (e.g. cumulative temperature change). As the
selection of impact category is less important for systems with sustained emissions
(e.g. FT-DWD and HEFA-UCO), the choice impacts inter-system comparison.
As stipulated in prior analyses, the choice of impact category also affects the relative
importance of short- and long-lived emission species.37,56 For example, instantaneous
radiative forcing emphasizes the importance of short-lived forcers compared to
cumulative emissions, especially in the first years. This effect is illustrated for FT-DWD
by comparing RCIEm,cum and RCIRF,inst at THA=0, at which the bioenergy scenario shows
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Figure 5‑3: The RCI for three bioenergy systems for cumulative greenhouse gas emissions, instantaneous
radiative forcing and cumulative temperature change as a function of the analytical time horizon, THA.

higher CO2 emissions than the counterfactual, but lower CH4 and N2O emissions. As
the RCIRF,inst allocates a higher weighting to CH4 and N2O savings than the RCIEm,cum, the
RCIRF,inst is lower (0.80) than the RCIEm,cum (1.07). This effect is less prominent for HEFAUCO, because amplification of CH4 and N2O emissions savings is counteracted by a
decreased impact of CO2 savings. The choice of equivalency metric also affects the
relative importance of short- versus long-lived species, but has a smaller impact on
overall system performance than the impact category and time horizon (S5.2).

5.3.2 Uncertainty
Figure 5‑4 shows the 5th and 95th percentile results of APMT-IC for the FT-DWD system.
For absolute climate impacts, the uncertainty is substantial and grows over time; e.g.
for cumulative temperature change at THA=100 years, the 5th and 95th percentile results
range between -37% and +52% of the mean result. However, the uncertainty reduces
to ±5% in the relative formulation of the RCI (i.e. relative to a fossil baseline), because
the uncertainty in the numerator of the RCI is paired with the uncertainty in the
denominator and increases approximately proportionally. The uncertainty in the RCI
grows with increasing absolute difference between the numerator and denominator
(not with time), albeit marginally.qa Similar converging behavior has been observed for
uncertainty related to background emission concentration scenarios (S5.4). The RCI
can therefore be used to study the effect of bioenergy production on a wide range
of impact categories (with higher policy relevance) without dramatically increasing
q
A dummy run in which the numerator value was defined 100.000 times larger than the denominator value, the
maximum uncertainty equaled ±10%.
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the uncertainty associated with climate impact modeling and background emission
concentration.

5

Figure 5‑4: The uncertainty associated with climate impact modeling for the FT-DWD system.

5.4

Variability in bioenergy systems

This section evaluates alternative systems based on the FT-DWD and ATJ-SC systems
to quantify the relative importance of emissions sources and identify best practices
for bioenergy production. The analysis includes variations in life-cycle emissions, LUC
emissions, carbon debt and foregone sequestration. The fossil baseline remained the
same throughout all analyses. The various systems are discussed in more detail in S5.2.

5.4.1	FT-DWD
Four alternative systems were considered for FT-DWD:
•

FT-DWD-CCS. This system applies carbon capture and storage (CCS), lowering lifecycle emissions by 108 gCO2 MJMD-1.377

•

FT-DWD-HighDecay and FT-DWD-LowDecay. These systems use DWD from tree
species with the highest (k=0.076; water oak) and lowest (k=0.023; red pine) decay
rates observed in Eastern US forests, which affects the overall carbon debt. 365

•

FT-DWD-CFBurn. This system assumes a counterfactual scenario in which the DWD
is burnt in the forest without energy recovery, for example to prevent forest fires.
No carbon debt is included in the bioenergy scenario, because the biogenic carbon
of the DWD is also released immediately in the counterfactual scenario.
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The results shown in Figure 5‑5 indicate that the application of CCS yields the lowest
RCI performance after 27-49 years (depending on the impact category), as it offsets
the carbon debt with carbon storage. The impact of carbon debt would not be visible
in conventional GHG-LCA, as temporal emission fluxes (apart from LUC emissions)
are usually not incorporated. However, the results show that the tree species or
counterfactual scenario may affect system performance considerably, especially for
shorter analytical time horizons. The spread in RCI as a result of different decay rates
varies between -0.70 and 0.02 for RCIRF,inst (THA=50 years) and -0.35 and 0.30 for RCIΔT,cum
(THA=50 years). The RCI for the FT-DWD-CFBurn system is relatively constant and is less
than -1 for all THA and RCI types, which means that it has a net negative climate impact
relative to the baseline.

Figure 5‑5: Alternative production systems based on FT-DWD.

5.4.2	ATJ-SC
Seven alternative production systems were considered for ATJ-SC:
•

ATJ-SC-CCS. This system applies CCS to the fermentation step, lowering life-cycle
emissions by 27 gCO2 MJMD-1.331

•

ATJ-SC-5th and ATJ-SC-95th. These systems cultivate sugarcane on Brazilian cerrado
soils with low and high carbon stocks (the 5th and 95th percentile of the carbon stock
distribution within the cerrado biome), leading to 0.1 and 2 times the LUC emissions
compared to the mean (in terms of t CO2 ha-1).

•

ATJ-SC-TropicalForest and ATJ-SC-Abandoned. These systems assume cultivation of
sugarcane on an average grid cell (in terms of carbon stock) in the tropical forests
and abandoned agricultural land biomes. Whereas the former system instigates high
initial LUC emissions, the latter system includes significant amounts of foregone
sequestration from regrowth of natural vegetation in the counterfactual scenario.
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•

ATJ-SC-LUCPrevention. This system assumes bioenergy production is accompanied
by measures to prevent indirect LUC emissions (e.g. by increasing agricultural
yields or improving supply chain efficiencies378) such that additional sugarcane is
produced on existing sugarcane land without increasing life-cycle emissions or
causing direct or indirect LUC emissions. These measures are not implemented in
the counterfactual scenario.

•

ATJ-SC-ImprovedYield. This system assumes sugarcane yield on cerrado land
improves to 2050 levels (266 GJ ha-1), based on IMAGE-LPJml projections. 322

The results in Figure 5‑6 indicate that a profound difference exists between converting
low-carbon or high-carbon cerrado, for which the RCI varies between -0.11 and 1.01
for RCIRF,inst (THA=50 years) and 0.20 and 2.85 for RCIΔT,cum (THA=50 years). The difference
mainly originates from higher initial LUC emissions for the high-carbon cerrado case,
which also explains the larger difference between the systems when evaluated using
RCIΔT,cum.
Sugarcane cultivation on cerrado, abandoned agricultural land or tropical forest show
comparable RCI performance, because high LUC emissions are mitigated by high
sugarcane yields. Furthermore, foregone sequestration creates a large carbon sink in
the counterfactual scenario of the ATJ-SC-Abandoned system, leading to higher RCI
scores over longer time horizons. This effect is particularly apparent for RCIRF,inst; the
ATJ-SC-Abandoned system initially has a lower RCI than ATJ-SC (base case) and ATJ-SCTropicalForest due to low initial LUC emissions, but gradually shows a higher RCIRF,inst
due to foregone sequestration. This example also shows how the choice of performance
metric may change the merit order of systems and why foregone sequestration effects
are important when assessing system performance.
If LUC emissions can be prevented, the RCI is reduced to approximately -0.7 across all
impact categories and time horizons (ATJ-SC-LUCPrevention system). This underlines
the importance of LUC prevention measures to achieve high climate impact reductions
using bioenergy. The application of CCS shifts the RCIEm,cum curve of the ATJ-SC system
by -0.42 for all THA. Improvements in sugarcane yield reduce the RCI particularly for
short THA, as carbon stock changes (particularly initial LUC emissions) are lower because
less land is required to produce the same quantity of biofuel.
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Figure 5‑6: Alternative production systems based on ATJ-SC.

5.5	Discussion
5.5.1 The use of the RCI
The RCI is a time-dependent performance indicator that is able to incorporate the
temporal emission profiles associated with LUC emissions, carbon debt and foregone
sequestration. Therefore, the RCI is suitable for the analysis of a wide array of bioenergy
systems. It also allows for a transparent comparison of bioenergy systems using different
impact categories (including equivalency metrics) and analytical time horizons. Due to
its ratio formulation, it is relatively robust to uncertainties in climate impact modeling
and background emission concentration scenarios.
The RCI provides more flexibility than conventional performance indicators, such as the
relative GHG emission reduction and carbon parity point, which are essentially onedimensional in terms of the point of evaluation (Figure 5‑7). The RCI can be used to
illustrate how the choice of impact category and analytical time horizon alters the merit
order of systems. For instance, the FT-DWD-HighDecay system has a greater RCI than the
HEFA-UCO system when evaluated using conventional indicators, while it has a lower
RCIEm,cum from 78 years onwards. The ATJ-SC-CCS and FT-DWD-LowDecay systems yield
similar carbon parity points (63 and 66 years, respectively), while FT-DWD-LowDecay
has a lower RCI for the first 147 years in terms of cumulative temperature change.
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Figure 5‑7: Comparison of the RCI with the relative GHG emission reduction (triangles; amortization period
30 years) and carbon parity point (circles). The eligibility quadrants were placed at a RCI=-0.35 and THA=100
years (left) and RCI=-0.60 and THA=30 years (right).

The RCI quantifies the climate benefits of a system over time, which enables the
definition of an ‘eligibility quadrant’ (Figure 5‑7). The eligibility quadrant is a twodimensional threshold which can be used to determine if a bioenergy production
system is below a maximum RCI before a given analytical time horizon, as defined by
a policy or certification scheme of interest. The definition of these thresholds and the
type of RCI they apply to has a significant impact on the eligibility of different bioenergy
systems, especially those with time-dependent emission profiles. For instance, placing
the eligibility quadrant at RCIEm,cum=-0.35 and THA=100 years would qualify ATJ-SC-CCS
as eligible, while cumulative temperature is increased by 8% relative to the baseline.
Alternatively, the HEFA-UCO system is the only system meeting a RCI below -0.6
before THA=30 years, while the FT-DWD-HighDecay system has a lower RCI over longer
analytical time horizons for all indicators.
The choice of impact category, analytical time horizon and equivalency metric is
essentially a value judgement about the importance attributed to one-time versus
sustained emissions and short- versus long-lived climate forcers. Similarly, the definition
of the eligibility quadrant, and the type of RCI indicator required to meet the threshold,
are value judgements that should be made in accordance with the objectives of the
policy or certification scheme of interest. Shorter analytical time horizons allocate
more weight to short-term emission events, while short analytical time horizons for
equivalency metrics allocate more weight to short-lived climate forcers. 37 Longer
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analytical and production time horizons will yield lower RCI values, as the climate
impact of the bioenergy systems in scope generally improves over time. Cumulative
impact categories keep memory of short-lived emission species and one-time emission
pulses (e.g. from LUC), but are also criticized for not reflecting the actual climate
response.56,61 The choice for instantaneous impact categories can be aligned with a
peaking or stabilization year of the respective impact, and may be well-suited for goalsetting.56,358 Impact categories further down the cause-effect chain introduce a time lag
in the analysis due to delayed climate response, but may be a better proxy for climate
damages such as extreme weather events, sea-level rise and loss of permanent ice. 56,358
Although the current study focused on mid-point indicators, the RCI formulation may
also be used for end-point impact categories such as economic damages or sea level
rise.

5.5.2 The limitations of the RCI indicator
The flexibility of the RCI is a key strength of the indicator; However, similar to other
performance indicators, it should be calculated and applied consistently to allow for
comparison between analyses. Moreover, the RCI is a relative measure, and therefore
does not provide information on the absolute climate impact of a system. Multiplication
by the climate impact of the fossil baseline yields an estimate of the absolute climate
impact, however this comes with greater uncertainty. The use of the RCI is particularly
valuable for systems with time-dependent emission profiles. However, adequate
quantification of direct and indirect emissions requires comprehensive models, which
may complicate the practical implementation of the RCI approach.
The scope of climate forcers can be expanded to include surface albedo, surface
roughness, evapotranspiration and additional emissions species such as sulfates, soot,
NOx and H2O emissions.37 The impact of these effects may be of the same order of
magnitude as GHG emission fluxes, either in a positive or negative direction.40,379 Several
of these issues require climate models with higher spatial and temporal resolution
than those used in this study, especially because the location and timing of direct and
indirect effects may vary between the bioenergy and counterfactual scenario.

5.5.3 Implications for bioenergy production systems
The impact of LUC emissions, carbon debt and foregone sequestration on the
performance of bioenergy systems is significant, and may in some cases exceed the
impact of life-cycle emissions.45,46,306 Feedstock-technology systems with high feedstock
yields and conversion efficiencies mitigate the contribution of LUC emissions, carbon
debt and foregone sequestration, while the application of CCS can reduce the life-cycle
emissions significantly.
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The occurrence of LUC emissions, carbon debt or foregone sequestration is driven
by the production context rather than the feedstock-technology combination. The
production contexts of the analyzed bioenergy systems were intentionally framed to
contain these types of emissions for the sole purpose of demonstrating the impact
of temporal emission profiles. These systems should therefore not be interpreted as
typical bioenergy system with the most probable counterfactual scenario.
Direct LUC emissions can be reduced by producing bioenergy feedstocks on low
carbon stock soils. The risk of indirect LUC emissions and carbon debt can be
mitigated by shaping the right production context, for instance by supplementing
bioenergy production with efforts to optimize land/forest management, improve
agricultural yields, increase supply chain efficiencies, and integrate bioenergy, food
and feed production.304,380–384 The Shared Socio-economic Pathways 1 (SSP 1) scenario
represents such a storyline, in which land use for biomass production increases
alongside a reduction in land use for food production caused by high agricultural yield
improvements, changing food consumption patterns and low population growth. 385
Furthermore, production contexts in which the counterfactual scenario yields
immediate or additional climate impacts can yield highly negative RCI values. As the
RCI incorporates these time-dependent emission fluxes, it is a valuable performance
indicator to select production contexts in which bioenergy systems consistently show
a climate benefit, as shown for example in the ATJ-SC-LUCPrevention and FT-DWDCFBurn systems.
The importance of time-dependent emission fluxes and the production context
suggests that bioenergy GHG-LCAs and bioenergy policy frameworks should move
beyond the static characterization of the cradle-to-grave life-cycle emissions of
feedstock-technology combinations towards a time-dependent characterization
of the bioenergy production context, including carbon stock changes, (in)direct
LUC emissions, realistic counterfactual scenario(s), and time-dependent parameters
such as yield improvements or carbon intensities of fossil products. The predictive
character of such analysis introduces additional uncertainties that should be addressed
appropriately, e.g. by scenario analysis or using probability distributions (S5.5 discusses
the issue of the potential and likelihood of bioenergy systems).
This analysis further demonstrates the importance of evaluating bioenergy system
performance using different impact categories and analytical time horizons, which
particularly applies to systems with time-dependent emission profiles. For example,
the impact of initial LUC emissions on system performance will be greater when
considering cumulative and slowly responding impact categories or shorter analytical
time horizons. We found that the choice of equivalency metric did not significantly
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affect the RCI value for the bioenergy systems in scope, but can be important when a
large difference in non-CO2 emissions exists between the bioenergy and counterfactual
scenario (S5.2). This may apply to systems associated with high fertilizer use (emitting
N2O), methane leakage (e.g. biogas) or peatland conversion (emitting CH4).

5.6

Conclusion

The RCI is a useful performance indicator to quantify the climate impact of bioenergy
systems. It appropriately captures time-dependent emissions, and offers the flexibility
to alter the impact category, analytical time horizon and equivalency metric, thereby
addressing major shortcomings of conventional performance indicators. It is also
robust to uncertainties in climate impact modeling and future background emissions.
The stylized bioenergy systems analyzed in this study show that the impact category
and analytical time horizon affect absolute and relative system performance, as these
value judgements alter the importance of one-time (e.g. LUC emissions) versus sustained
(e.g. carbon debt or foregone sequestration) emission fluxes and short- versus longlived climate forcers. The RCI was used to identify characteristics for bioenergy systems
with climate benefits irrespective of value judgements, which include high feedstock
yields, high conversion efficiencies and the application of CCS. Furthermore, this paper
provides examples of production contexts which can (partially) mitigate the risk of LUC
emissions, carbon debt or foregone sequestration. For example, the risk of indirect LUC
emissions can be mitigated by accompanying bioenergy production with increasing
agricultural yields. Moreover, production contexts in which the counterfactual scenario
yields immediate or additional climate impacts (e.g. burning of forestry residues to
prevent forest fires) can yield highly negative RCI values.
The RCI can be used to test the robustness of system performance to value judgments
and tailor the performance indicator to the research or policy purpose. For example,
the RCI approach allows providers of credits, subsidies or sustainability certification
to define a two-dimensional performance threshold based on a maximum RCI to be
achieved before a certain analytical time horizon. Besides bioenergy systems, the RCI
can also be used to evaluate and compare other climate change mitigation measures,
particularly those with time-dependent emission profiles and relatively large upfront
emissions, such as electric vehicles, wind turbines or solar panels.
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S5	Supplementary Information
S5.1	Supplementary data for the bioenergy production systems
S5.1.1 FT-DWD system
The carbon debt per tonne of extracted DWD is plotted in Figure 5‑8. The decay rate of tree
species was computed using a simple exponential decay function
.
This decay function describes the amount of carbon stored in DWD over time in the
counterfactual scenario. In the bioenergy scenario, the the DWD are removed and converted to
biofuels. The biofuels are assumed to be burned in the same year, thus releasing all carbon in the
feedstock within the year. The carbon debt in the bioenergy scenario is therefore equal to the
carbon stored in the counterfactual scenario (as modelled by the decay function).
The cumulative carbon debt was computed by taking the convolution of the decay function and
a constant extraction rate of 1 tonne of DWD. It was assumed that 1 tonne of feedstock contains
50% carbon386, which decays aerobically to CO2 (3.667 tCO2 t-1 C). The instantaneous carbon debt
(modeled as instantaneous CO2 emissions) was obtained by taking the time derivative of the
convolution.
The decay constants were obtained from Russell et al. 365, who empirically established the decay
rate and residence time of 36 tree species common to eastern US forests. For this assessment,
we used loblolly pine as a base case and tree species with the highest (k=0.076; water oak) and
lowest (k=0.023; red pine) decay rates observed in Eastern US forests to illustrate the range of
decay rates.

Figure 5‑8: Carbon debt for three different tree species.

5

184

|

Chapter 5

the FT-DWD-CFBurn system assumes that all DWD are burnt in the counterfactual scenario, such
that all carbon is released instantaneously and no carbon debt exists in the bioenergy scenario.
The CO2 savings from CCS in the FT-DWD-CCS system are calculated based on Kreutz et al. 377,
who report 0.125 tCO2 GJ -1 FT liquids, 90% capture efficiency, and 91 kWh electricity use per
tonne CO2 captured.

S5.1.2 ATJ-SC system
The LPJml model tracks changes in above- and belowground carbon, carbon in soil litter and
soil carbon. The model was used to construct a carbon stock curve track in the grid cells (0.5o x
0.5o spatial resolution) of the Brazilian savannah (grassy cerrado), tropical forest and abandoned
agricultural lands biome. The mean, 5th and 95th percentile of the carbon stock curves for grassy
cerrado grid cells are shown in Figure 5‑9. The mean carbon stock curves for savannah, tropical
forest and abandoned agricultural land are shown in Figure 5‑10.
The model was run under the assumption of the Representative Concentration Pathway (RCP)
2.6 and Shared Socioeconomic Pathway (SSP) 2 scenario. The RCP 2.6 scenario will likely lead
to a temperature rise ranging from 0.9 to 2.3 oC (mean 1.6) in 2100.4 The SSP 2 scenario is a
middle-of-the-road scenario in terms of socio-economic challenges related to climate change
adaptation and mitigation. 387 The SSP scenario affects the amount and quality of grid cells.
Only grid cells which remained in a particular biome throughout the entire modeling period
in the counterfactual scenario were considered. The model was run from 2020 to 2100, after
which carbon stocks were assumed to stabilize. Carbon stocks were interpolated in between
time steps (5 years) except for the clearance of aboveground biomass in the bioenergy scenario
which was assumed to occur at the outset of production. Crop productivity was modeled with
the LPJml model and was kept constant over the production period for savannah (199 GJ ha-1),
tropical rainforest (309 GJ ha-1) and abandoned agricultural land (112 GJ ha-1).
The CO2 savings from the application of CCS to the fermentation steps are calculated based on a
pure CO2 stream from fermentation (0.033 tCO2 GJ -1 ethanol)331, 90% capture efficiency377, and 91
kWh electricity per tCO2 captured377.

Quantifying the climate impact of bioenergy production systems

|

185

5

Figure 5‑9: The mean, 5th and 95th percentile of the carbon stock curves for grassy cerrado grid cells for the
bioenergy (Bio) and counterfactual (Cf ) scenario.

Figure 5‑10: The mean carbon stock curves for grassy cerrado, rainforest and abandoned agricultural land
for the bioenergy (Bio) and counterfactual (Cf ) scenario.
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S5.2	Equivalency metrics
Equivalency metrics are used to compare the impact of an emission pulse of species to the
impact of a reference gas (usually CO2) over a fixed or time-dependent time horizon (eq. S.1 and
S.2). Time-dependent time horizons for equivalency metrics have been introduced to align the
time horizon of the equivalency metric to the analytical time horizon to avoid inconsistencies
between the time horizon of the analysis and the definition of the equivalency metric. 57,358

The equivalency metrics for CH4 and N2O emissions were calculated with APMT-IC. The mean
results are displayed in Figure 5‑11. The GWP100 values used in the manuscript are 34 and 315 for
CH4 and N2O, respectively. The GWP and GTP values are slightly higher than values reported in
the IPCC AR5 report, but lower than reported by Cherubini et al.61

Figure 5‑11: GWP and GTP values as computed with APMT-IC.
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The choice of equivalency metric affects the importance of non-CO2 emissions. The results in
Figure 5‑12 shows the results for ATJ-SC and FT-DWD systems for different equivalency metrics.
The equivalency metrics were varied in terms of equivalency base (i.e. cumulative radiative
forcing, instantaneous temperature change), time horizon (i.e. 20, 100, 500) and type of time
horizon (i.e. fixed and time-dependent). The time-dependent time horizon was calculated
based on an analytical time horizon of 200 years (see eq. SI. 2).
Equivalency metrics based on short time horizons allocate more weight to N2O and CH4.
Similarly, GWP values are higher than GTP values for N2O and CH4 for time horizons exceeding
59 years (Figure 5‑11). As the ATJ-SC system emits more N2O emissions than its counterfactual,
the RCIEm,cum is higher for short time horizons. Conversely, the FT-DWD system emits lower CH4
and N2O emissions than its counterfactual, resulting in higher RCIEm,cum for longer time horizons.
Due to the definition of time-dependent equivalency metrics (THA-t), the equivalency metrics
applied to emissions occurring in the first 100 years all exceed 100 years. As such, the current
use of time-dependent equivalency allocates less weight to non-CO2 emissions compared to
equivalency metrics based on a fixed time horizon of 100 years (e.g. GWP100 and AGTP100). This
explains a relatively low and high RCI for ATJ-SC and FT-DWD.

Figure 5‑12: The RCIEm,cum for ATJ-SC for different equivalency metrics. Please note the different range of the
y-axes.
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The spread in RCIEm,cum for ATJ-SC and FT-DWD for different equivalency metrics is small (e.g.
0.10-0.15 at THA=100 years) compared to different impact categories (e.g. 0.30-0.56 at THA=100
years) and analytical time horizons (e.g. 0.39-0.58 comparing RCIEm,cum for THA=50 and 100
years), but may be significant when determining whether a system meets a certain threshold.
The spread due to choice of equivalency metric grows with increasing difference in non-CO2
emissions between the bioenergy and counterfactual scenario, which particularly applies for
bioenergy systems associated with high fertilizer use (emitting N2O), methane leakage (e.g.
biogas) or peatland conversion (emitting CH4). Conversely, the spread decreases for bioenergy
systems with high CO2 emissions compared to non-CO2 emissions. This effect explains why the
spread observed for ATJ-SC is lower than FT-DWD, despite having a higher difference in non-CO2
emissions between the bioenergy and counterfactual scenario.

S5.3	APMT-Impacts Climate overview
APMT-IC is a reduced-order climate model which models the physical and monetary impacts of
CO2, CH4, N2O, sulfates, soot, NOx and H2O emissions. APMT-IC has a temporal resolution of one
year and a relatively coarse spatial resolution at the global mean level. For the purpose of this
study, the use of APMT-IC was confined to ground emissions of CO2, CH4, and N2O.
The tool was recently updated to align with state of the science and therefore this section details
how APMT-IC treats impact of the species CO2, N2O, and CH4.
APMT-IC models the concentration, radiative forcing, and temperature response resulting from
an emission by treating the emission as a marginal emission. To perform the analysis, APMTIC models a background scenario with the emission profile of the bioenergy or counterfactual
scenario or fossil baseline, as well as a background scenario without additional emission. To
find the impact due to emission profile, APMT-IC takes the difference between the background
scenarios with and without the emission profile.
For background emissions scenarios, APMT-IC uses concentrations values from the RCP
database388 as well as the extension from Meinshausen et al. 389 APMT-IC models the life-cycle
emissions by considering the evolution of their concentration in the form of a convolution
integral. It is assumed that N2O and CH4 decay according to a first-order exponential decay based
on the perturbation lifetime 12.4 and 121 years respectively. 2 CO2 decays according to an impulse
response function approach, such as the approach outlined in Joos et al. 366, which also showed
that background CO2 concentrations have a large impact on CO2 uptake. To capture these
effects, APMT-IC uses impulse response functions generated using the Model for Greenhouse
Gas Induced Climate Change (MAGICC6). 367
Elevated concentrations of CO2, N2O, and CH4, lead to a direct radiative forcing impact, while
CH4 additionally contributes to a number of indirect effects, such as elevated concentrations of
tropospheric ozone, stratospheric water vapor, as well as an additional CO2 impact. 2 The direct
radiative forcings are computed using the concentration to forcing relationships reported in
Etminan et al. 390, which take into account the overlapping radiative bands between CO2, N2O, and
CH4. The indirect forcing due to CH4, is modeled based on the methods outlined in Meinshausen
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et al. 367 Similarly APMT-IC uses climate efficacies to align species-induced radiative forcing from
MAGICC6. 367
The temperature response is modeled using a two-box model comprising the deep ocean
and the atmosphere/mixed layer ocean10, while a climate sensitivity distribution from Roe and
Baker391 was used.
APMT-Impacts can be run with deterministic or probabilistic inputs, the latter enabling a
quantification of uncertainty on the results. The uncertainties are captured through a Monte
Carlo simulation. For each emission profile, APMT-IC used a Monte-Carlo simulation with 10,000
runs. In this paper we report only the mean and 5th and 95th percentile climate impact for each
scenario.

S5.4 The impact of background emission scenario on the absolute
and relative climate impact
Future background emission concentrations are uncertain, but affect the absolute climate
impact of (future) emission fluxes and the value of equivalency metrics, as the marginal impact of
additional emissions fluxes decrease with increasing background emission concentration. 37,56,376
For the base case an RCP 2.6 scenario was used, which is an future emission scenario leading to
a temperature rise ranging from 0.9 to 2.3 oC (mean 1.6) in 2100.4
Figure 5‑13 shows the absolute and relative cumulative temperature change for the FT-DWD
system modeled assuming an RCP 2.6 compared to a RCP 8.5 scenario, which is a future emission

Figure 5‑13: RCI results for the FT-DWD for different RCP scenarios.
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scenario leading to a temperature rise ranging from 3.5 to 4.5 oC in 2100.4 The results show that
the difference in absolute climate impact for the RCP 8.5 and RCP 2.6 scenario is significant and
grows over time. However, the difference between the RCI computed for both RCP scenarios is
at maximum 0.09 and peaks around THp. The reason for this behavior is similar to the uncertainty
related to climate impact modeling; effect of the background emission concentrations in the
same for the climate impact in the numerator and denominator of the RCI. The RCI can therefore
be used to study the effect of bioenergy production without significantly increasing the
uncertainty associated with future background emissions, especially over long analytical time
horizons.

S5.5

The potential and likelihood of bioenergy systems

The RCI shows the climate impact for various bioenergy systems. However, it does not show
the potential and likelihood of a particular system. For example, this study shows that the land
type and carbon content is an important determinant of system performance. The likelihood
and potential of production on a particular land type highly depends on the socio-economic
context. This is illustrated by comparing the land use projections of the three biomes in Brazil
according to IMAGE-LPJml projections for two shared socio-economic pathway (SSP) scenarios
(Figure 5‑14). The SSP scenarios describe future socio-economic development storylines
which vary in the challenges to mitigation and adaptation. 387 The SSP 1 scenario presents the
lowest challenges to both categories as it is associated with rapid technology development,
high environmental awareness, low energy demand and low global population. The SSP 2
scenario represents a middle-of-the-road scenario in which trends do not shift significantly
from historical patterns. Figure 5‑14 shows that the potential of abandoned agricultural land
in the SSP 1 scenario is much higher than the SSP 2, due to increased agricultural yield and low
population increase. Hence, it can be expected that the potential and likelihood of a production
system like ATJ-SC-Abandoned is higher in an SSP 1 scenario than in an SSP 2 scenario.
As land availability, the counterfactual scenario is inherently uncertain, as a myriad of alternative
futures exist for a production area. 354,380 Furthermore, the indirect effects of bioenergy
production are challenging to quantify and associated with considerable uncertainty. 304,392
These sources of uncertainty require that the performance score for a particular feedstocktechnology combination is ideally accompanied by a detailed description (and the likelihood)
of the production context and/or uncertainty bars. Probability distributions may be used to
aggregate production contexts and counterfactual scenarios into a performance score for a
particular feedstock-technology combination. Impact-supply curves may also prove helpful to
evaluate the supply potential of a particular production system. 322
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Figure 5‑14: Land use projections for Brazil according to IMAGE-LPJml projections for the SSP 1 and 2
scenario.
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Abstract
This study presents supply scenarios of non-food renewable jet fuel (RJF) in the European
Union (EU) towards 2030, based on the anticipated regulatory context, availability of
biomass and conversion technologies, and competing biomass demand from other
sectors (i.e. transport, heat, power and chemicals). A cost optimization model was used
to identify pre-conditions for increased RJF production and the associated emission
reductions, costs and impact on competing sectors. Model scenarios show non-food
RJF supply could increase from 1 PJ in 2021 to 165-261 PJ yr-1 (3.8-6.1 million tonne (Mt)
yr-1) by 2030, provided advanced biofuel technologies are developed and adequate
(policy) incentives are present. This supply corresponds to 6-9% of jet fuel consumption
and 28-41% of total non-food biofuel consumption in the EU. These results are driven
by proposed policy incentives and a relatively high fossil jet fuel price compared to
other fossil fuels. RJF reduces aviation-related combustion emission by 12-19 Mt yr-1
CO2-eq by 2030, offsetting 53-84% of projected emission growth of the sector in the
EU relative to 2020. Increased RJF supply mainly affects non-food biofuel use in road
transport, which remained relatively constant during 2021-2030. The cost differential
of RJF relative to fossil jet fuel declines from 40 € GJ -1 (1740 € t-1) in 2021 to 7-13 € GJ-1
(280-540 € t-1) in 2030, because of the introduction of advanced biofuel technologies,
technological learning, increased fossil jet fuel prices, and reduced feedstock costs. The
cumulative additional costs of RJF equal €7.7-11 billion over 2021-2030 or €1.0-1.4 per
departing passenger (intra-EU) when allocated to the aviation sector. By 2030, 109-213
PJ yr-1 (2.5-4.9 Mt yr-1) RJF is produced from lignocellulosic biomass using technologies
which are currently not yet commercialized. Hence, (policy) mechanisms that expedite
technology development are cardinal to the feasibility and affordability of increasing
RJF production.
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Introduction

Currently, approximately 2% of global anthropogenic greenhouse gas (GHG) emissions
can be attributed to fuel combustion in aviation.393 While global air traffic is expected
to rise by 4.9% yr-1 up to 2040, international aviation was not covered by the Paris
Agreement.287,288 The aviation industry aims to cap net emissions by 2020 and halve
emissions by 2050 relative to 2005.12 Efficiency gains and operational improvements
alone are likely insufficient to close the emission gap between projected and targeted
CO2 emissions from 2020 onwards.287,393 The introduction of renewable jet fuel (RJF),
a liquid substitute for fossil jet fuel produced from renewable resources, should
contribute to further emission reductions and close the gap on the long term.17,20–23
These measures are supplemented by the Carbon Offsetting and Reduction Scheme
for International Aviation (CORSIA) and the EU Emission Trading Scheme (EU ETS),
which create an obligation for airlines to reduce emissions (through aforementioned
measures) or surrender (purchased) emission offsets or allowances.
RJF produced from biomass (hereafter referred to as ‘RJF’) is currently considered
the most technically feasible alternative to reduce the GHG intensity of jet fuel, as it
can be produced commercially and is compatible with existing infrastructure. 394 The
production, distribution and use of RJF in commercial aircraft has been demonstrated
over the past decade.17 However, the large-scale uptake of RJF has been impeded by the
high cost differential between RJF and fossil jet fuel, limited number of commercialized
conversion technologies, highly competitive and international character of the aviation
industry, and current lack of adequate (policy) incentives.28,29,70,214 The future role of RJF
depends on contextual factors, of which the most important ones comprise the regulatory
context, the availability of (low-cost) sustainable feedstocks, the commercialization of
conversion technologies, and future oil price development.18,28,31,325,394
Previous work has estimated the bottom-up supply potential of RJF based on biomass
availability69, production cost developments25, and planned production capacity70,71.
Wise et al.395 were among the first to analyze the emergence of RJF in a more holistic
manner, using an integrated assessment model to quantify RJF volumes under two
global emission mitigation trajectories. However, few studies explicitly consider the
role of RJF in relation to the wider bioenergy system, even though aviation may become
an important end-use application of biomass as the sector lacks clear alternatives to
reduce its GHG emissions. 396
To our knowledge, this analysis is the first to quantify the role of RJF in the EU until 2030,
based on the anticipated regulatory context, availability of biomass and conversion
technologies, and competing biomass demand from other sectors (i.e. transport, heat,
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power and chemicals). The scope of RJFs considered is confined to RJFs produced from
non-food biomass (i.e. advanced biofuelsraor biofuels produced from used cooking oils
and animal fats (UCOAF)), based on the general aversion of airlines to use food-based
biofuels, as illustrated by the sustainability commitment of members of Sustainable
Aviation Fuel Users Group “not to displace or compete with food crops”.26 Moreover,
the policy trend in the EU towards phasing out food-based biofuels and stimulating
the use of advanced biofuels suggests that future growth of biofuel consumption will
mainly originate from increased advanced biofuel production.64,68
In this study, we incorporated RJF production technologies in the RESolve-Biomass
model. This model is able to explicitly analyze the interaction between different end-use
sectors, as it covers bio-based power, heat, transport fuels (road, marine and aviation)
and chemicals. The RESolve-Biomass model was used to study the emergence of RJF
supply scenarios and the associated technology portfolio, GHG emission reductions,
and costs. This chapter further discusses the requirements in terms of technology
development and feedstock mobilization, as well as the impact of increased RJF supply
on biofuel use in other sectors, such as road and maritime transport.

6.2	Background
6.2.1 Aviation-related emission projections in the EU
Due to the projected growth of the aviation sector, GHG emissions from jet fuel
combustion have been estimated to increase by 150% in the EU in 2050 relative to 2005
(Figure 6‑1).70,397 Despite anticipated efficiency gains and operational improvements,
the gap between projected and targeted combustion emissions grows to 22 million
tonne (Mt) CO2-eq in 2030 and 166 Mt CO2-eq in 2050 (S6.1 shows alternative growth
scenarios). The emission gap is to be covered by carbon offsets and RJF.12 However,
current consumption of RJF in the EU is negligible, despite an aspirational target of
achieving 2 Mt of RJF to be used in EU aviation in 2020 as outlined in the EU Flightpath
Initiative.21,398

r
In this context, advanced biofuels are defined as biofuels produced from feedstocks listed in Annex IX (part A) of
the RED-II proposal441, which includes feedstocks such as algae, sludges, perennial crops, and agricultural and forestry
residues.
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Figure 6‑1: Combustion greenhouse gas emissions from flights departing from EU airports (intra- and extraEU) with improvements in fuel efficiency and operations versus an industry target (S6.1).

6.2.2 Regulatory context
The regulatory context relevant for RJF in the EU includes the Renewable Energy
Directive I (RED-I) and its successor RED-II, the EU Emission Trading Scheme (EU ETS)
and the global Carbon Offsetting and Reduction Scheme for International Aviation
(CORSIA). As these schemes were awaiting definitive implementation at the time of
writing, the information below may deviate from the actual content of the schemes
when implemented.
6.2.2.1 The EU Renewable Energy Directive
The RED-I promotes the use of renewable energy sources in the EU. It establishes a
target of 20% renewable energy in the EU in 2020, with a 10% sub-target for renewable
energy in the transport sector, most of which will probably need to be met by biofuels.67
While the aviation sector is not an obligated party, the RED-I allows RJF to be counted
towards the renewable energy targets.64 However, only few member states have
explicitly adopted this in their national transposition.29
Recently, the European Commission proposed a recast of the RED-I for the period
2021-2030 (hereafter referred to as ‘RED-II proposal’).68 The proposal is currently
under review by the European Parliament and the European Council; final approval
is expected in 2018, after which it will be transposed into national legislation. As it is
the only comprehensive proposal at the time of writing, we base our analysis on the
Commission’s proposal, while evaluating alternative policy options in the sensitivity
analyses.
The RED-II proposal aims to increase the share of renewable energy sources to 27%
by 2030, without specifying a sub-target for neither the entire transport sector nor
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specifically for the aviation sector. Instead, the proposal contains separate caps and
binding targets for different renewable fuel categories to avoid adverse environmental
impacts (e.g. land use change emissions) and promote the use of more advanced
technologies (S6.2). Renewable fuels for transport produced from biomass (i.e. biofuels)
are affected by two targets; the overall target for renewable transport fuels (1.5% in
2021 increasing to 6.8% by 2030) and a sub-target for advanced biofuels (0.5% in 2021
increasing to 3.6% by 2030). The overall target for renewable fuels may be fulfilled by
advanced biofuels, biofuels produced from used cooking oil and animal fat (UCOAF),
renewable electricity, waste-based fossil fuels and renewable fuels of non-biological
origin (e.g. solar fuels and CO2-based fuels). The share of UCOAF-based biofuels is
capped at 1.7%. Food/feed-based biofuels are excluded from the renewable transport
fuels target, but they may still contribute to the overarching 27% renewable energy
target to a maximum of 3.8% of total transport fuel use by 2030.
The targets define the share of renewable transport fuels relative to the final energy
consumption in the road and rail sectors. Renewable fuels supplied to the EU aviation
and marine sectors may count 1.2 times their energy content towards the target. This
multiplier mechanism aims to stimulate biofuel uptake in sectors which lack clear
renewable options and cover higher production costs that may exist in these sectors.
6.2.2.2 EU ETS and CORSIA
The EU ETS and CORSIA address emissions from intra- and extra-EU flights, respectively.
The EU ETS sets an EU-wide emission cap covering multiple, mainly industrial sectors
(civil aviation was added in 2012). Under international pressure it was decided to apply
EU ETS to intra-EU flights only, pending the development of a global measure by the
International Civil Aviation Organization (ICAO). 399 In 2016, ICAO’s general assembly
decided to implement CORSIA, which is a measure prescribing aircraft operators to
offset any annual increase in CO2 emissions beyond 2020 from international aviation
between participating states.20 72 states, including the EU member states, representing
87.7% of international aviation activity, intend to participate voluntarily from 2020
onwards.400 The European Commission recently proposed to restrict the EU ETS scope
to intra-EU flights while awaiting the development of CORSIA.401
The inclusion of aviation in EU ETS and CORSIA sets a price on combustion emissions
from aviation. In EU ETS, fuels produced from biomass are allocated an emission factor
of zero as long as they meet the RED-I sustainability criteria, thus providing a financial
incentive for the use of RJF equal to the price of an emission allowance.402,403 The role of
RJF in CORSIA as well as the environmental integrity and credibility level of the offsets
used (influencing their price) are still under discussion at the point of writing.
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Materials and methods

6.3.1 RESolve-Biomass model
The role of RJF in the EU in 2021-2030 was assessed using the RESolve-Biomass
model, developed by Energy research Centre of the Netherlands (ECN). RESolveBiomass is a one-year myopic cost-optimization model that optimizes the feedstocktechnology portfolio to fulfill a certain demand for bio-based products. The model
minimizes the total additional well-to-tank system cost relative to a fossil reference.
These costs comprise feedstock cultivation and transport, pre-treatment, conversion,
and distribution (e.g. blending). RESolve-Biomass includes a variety of feedstocks,
technologies and demand segments. It has a longstanding reputation and has been
used in multiple European projects to address policy-related questions (e.g. REFUEL,
Biomass Policies, Biomass Futures and S2Biom).404 The exogenous model inputs shown
in Figure 6‑2 are discussed below.

Figure 6‑2: Exogenous and endogenous model components of RESolve-Biomass.

6.3.2 Biomass demand and supply scenarios
The supply of RJF is analyzed using four scenarios varying in biomass supply and
biomass demand (Figure 6‑3).
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Figure 6‑3: Four scenarios varying in biomass supply and demand.

6.3.2.1 Biomass supply
Current gross consumption of biomass for energy purposes in the EU is about 5.4 EJ, of
which 4.4% is imported.405 Various studies have quantified the future domestic biomass
supply potential; however, its mobilization depends on a magnitude of social, technical
and economic factors.63 Extra-EU import potentials are possibly large, but depend on
mobilization efforts and domestic consumption in the exporting countries.406 This
study attempts to capture this variation in a Low Biomass Supply (LS) and High Biomass
Supply (HS) supply scenario. The supply potentials are used as a constraint on feedstock
use. The mobilization of novel feedstocks was modeled as an S-curve as described in
van Stralen et al. (2016).
The supply potential of biomass and biofuel in/to the EU increases from 11.4-11.8 EJ
in 2021 to 13.4-16.9 EJ in 2030 in the LS and HS scenario (Figure 6‑4). The potential of
domestic biomass was obtained from the Biomass Policies project, which quantifies the
cost-supply potential of a wide range of agricultural, forestry and waste biomass types
on a member state level.408 The supply assessment employs exclusion criteria based
on sustainability considerations (e.g. soil conservation, biodiversity, erosion control)
and conventional competing uses (e.g. food, feed, bedding, material). The LS scenario
follows the baseline scenario used in Biomass Policies; the HS scenario follows the B2
scenario which shows higher biomass supply, particularly of manure and agricultural
and forestry residues due to higher mobilization and extraction rates.408,409 The cost
for domestic biomass was based on market prices for biomass types which are already
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traded and road-side costs for feedstock for which the market is not yet developed. The
cost declined by 10% between 2020 and 2030 because of technological learning and
efficiency improvements.408

6
Figure 6‑4: Sustainable biomass and imported biofuel potential in the EU.

The import potentials include liquid biofuels (food-based biodiesel, food-based ethanol
and lignocellulosic bioethanol) and solid biomass (wood pellets) from countries that
are or could become major export regions (e.g. Brazil, the US and Canada). The import
share available for EU consumption (after deduction of local demand) was based on
the population size of the EU relative to countries with similar paying capacity.410 The
costs comprise production, processing, transport and certification. These potentials
were supplemented with imports of palm oil411,412 and used cooking oil413 . The palm oil
import potential in both supply scenarios was based on current palm oil imports into
the EU for bioenergy use. The HS scenario uses the collectable potential (165 PJ yr-1 by
2030) of used cooking oil, while the LS scenario uses the “low indirect land use change
(iLUC) potential” of used cooking oil (44 PJ yr-1 by 2030) from which all competing uses
except bioenergy and dumping were deducted. A large share (97 PJ) of the difference
between of the collectable and low iLUC potential arises from used cooking oil that is
allegedly used for human consumption in China. Diversion of this feedstock stream
to bioenergy would likely instigate a growing demand of vegetable oils (potentially
causing emissions), but would also reduce the health threat associated with used
cooking oil consumption.413 The remaining competing uses include animal feed and
the oleochemical industry. The used cooking oil potential increases by 270% in the
HS compared to the LS scenario, but this is likely an overestimation of the sustainable
potential. S6.3 provides supplementary data on the categorization of biomass types,
cost-supply curves and import regions.
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6.3.2.2 Biomass demand
Biomass supply for non-food RJF production is primarily affected by non-food biomass
demand for heat, electricity, biochemicals and biofuels. Demand for bio-based
products in the low biomass demand (LD) and high biomass demand (HD) scenario
is visualized in Figure 6‑5. Biomass demand for bio-based heat and power comprises
the largest share of overall biomass demand. Biomass demand for the HD scenario was
obtained from the S2Biom project.407 For the LD scenario a faster introduction of energy
efficiency measures and other sources of renewable energy was assumed. Furthermore,
it was assumed that demand for bio-based heat and power would stabilize after 2020
and decrease for applications where the HD scenario already showed a reduction. The
demand for bio-based chemicals (ethylene, hydrogen, methanol, benzene, toluene,
xylene, surfactants, solvents and polymers) in the HD and LD scenarios, obtained from
the S2Biom project, show only a marginal contribution to the total biomass demand
(Figure 6‑5).414

Figure 6‑5: Final bio-based products demand in the EU.

Biomass demand from the transport sector in 2021-2030 follows the renewable energy
targets for non-food biofuels as specified in the RED-II proposal where applicable.
The model was forced to fulfill the targets; hence the option of non-compliance (at
certain cost) was not analyzed. The demand for advanced biofuels was based on the
sub-target for advanced biofuels (0.5% in 2021, increasing to 3.6% by 2030). In this
study, the definition of advanced biofuels follows the RED-II proposal and include
lignocellulosics-based biofuels and gaseous biofuels from sludges and landfill gas. The
overall target for renewable transport fuels (1.5% in 2021 increasing to 6.8% by 2030)
was disaggregated to a combined biofuel demand for advanced biofuels and biofuels
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based on used cooking oil and animal fats (UCOAF) by subtracting the projected share
of renewable electricity, waste-based fossil fuels and renewable fuels of non-biological
origin. The maximum share of UCOAF-based fuels (1.7%) specified in the RED-II proposal
was incorporated as a model constraint.
The LD and HD scenarios assume a 0.5% and 0% share of waste-based fossil fuels and
renewable fuels of non-biological origin by 2030, respectively. The share of renewable
electricity in the road transport sector in the HD scenarios was calculated from
projections of electricity use in road transport (0.87% in the EU by 2030) and renewable
electricity production in the PRIMES 2016 reference scenario.415 In the LD scenario,
the share of renewable electricity in road transport was assumed to be twice as high,
anticipating on a faster electrification of the car fleet across the EU and a higher share
of renewables in the electricity mix. The projected share of renewable electricity in rail
transport was added to the total renewable electricity usage in transport.416 This leads
to a renewable electricity share in road and rail transport increasing from 0.5% (2021)
to 0.9% (2030) in the HD scenarios and 0.6% (2021) to 1.2% (2030) in the LD scenarios.
In absence of dedicated policy targets for food-based biofuels in the RED-II proposal
(it may only contribute to the overarching 27% renewable energy target), the share of
food-based biofuels was assumed to decline from 3.6% in 2021 to 1.6% by 2030, based
on restrictions on the import of food-based biodiesel and the construction of new
edible oil-based and starch-based biofuel facilities (S6.2). Although this is much lower
than the proposed cap in the RED-II proposal (7.0% in 2021 and 3.8% by 2030), this
assumption has limited impact on the production of advanced biofuels and UCOAFbased biofuels, because the demand for these biofuels is established by separate
targets and these biofuels are produced from other types of biomass.

6.3.3 Biofuel production technologies
The RESolve-Biomass model contains a wide range of bioenergy production
technologies. This section focuses on non-food biofuel production technologies. S6.4
provides the full technology scope of RESolve-Biomass and supplementary technoeconomic and greenhouse gas emissions data.
6.3.3.1 Technology scope and techno-economic data
Table 6‑1 displays the scope and techno-economic data of non-food biofuel
technologies. Besides technologies able to produce RJF, the table also includes
production technologies for other non-food biofuels, as these are in direct competition
with RJF to fulfill the renewable energy targets in transport. RESolve-Biomass includes
existing technologies producing ethanol, biogas, Fatty Acid Methyl Ester (FAME)
biodiesel, Hydrotreated Esters and Fatty Acids (HEFA) diesel. Technologies expected to
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commercialize during 2021-2030 to be included in the model were selected based on
their promising techno-economic performance214 and fuel readiness level28. The data in
the table represents the costs in 2021 or at technology introduction (Table 6‑2 lists the
introduction years). The techno-economic data was obtained from prior studies, which
generally model nth plant economics (as if the technology was deployed at large scale).
Therefore, the CAPEX for new technologies was scaled to the initial plant capacity as
outlined in Table 6‑2 (using a scaling factor of 0.8) to reflect higher investment cost for
the first-of-a-kind plant.
The model may use biofuels to replace conventional fuels in aviation, marine, car, bus
and truck segments. The eligible biofuels and blend walls were defined per transport
segment (S6.5). The model includes versions of Hydroprocessed Esters and Fatty Acids
(HEFA), Fischer-Tropsch (FT), pyrolysis and Hydrothermal Liquefaction (HTL) production
capacity with and without RJF co-production to incorporate the producer’s flexibility to
optimize their process for different end-use applications. The production of HEFA-RJF
incurs additional costs relative to producing diesel only, due to lower middle-distillate
yield and more stringent upgrading requirements. 30 Due to lack of information for FT,
pyrolysis and HTL, it was assumed that 25% of the energy content of the produced
diesel could be used as RJF without additional production costs, since all process
designs already include a distillation column.214 The model could adjust the yield of
gasoline, diesel and jet fuel for FT, Pyrolysis, ATJ and HTL by ±0.1 GJproduct GJ-1biomass feed
(without altering the overall yield) to resemble the variance and flexibility within the
technology types.
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Table 6‑1: Non-food biofuel production technologies (i.e. advanced and UCOAF-based biofuel) in the
scope of RESolve-Biomass.
Technology

Feedstock

Main
productsi

Yieldii

Annualized
CAPEXii,iii

GJproducts
GJbiomass

€2010 GJ -1product €2010
% savings
GJ -1product relative
to fossil
reference

feed

-1

OPEXii,iii Typical GHG
reductioniv

Ref.

RJF production technologies
Hydrotreated
Esters and Fatty
Acids (HEFA)

UCOAF

D, HEFA-RJF, 1.11
P, N

1.7

2.7

77%

30,214,290

Fischer-Tropsch
(FT)

Lignocellulosics

D, E, N, FTRJF

0.45

9.6

9.1

93%

214,290

Alcohol-to-Jet
(ATJ)

Lignocellulosic
ethanol

G, ATJ-RJF

0.89

1.4

1.7

73%

214,232,417

Hydrothermal
liquefaction
(HTL) and full
hydrodeoxygenation

Woody biomass

D, G, HFO,
HTL-RJF

0.56

3.4

3.0

81%

231,232

Pyrolysis and
full hydrodeoxygenation

Woody biomass

D, G, HFO,
PyrolysisRJF

0.50

5.6

5.7

77%

231,232

290,418

Other non-food biofuel production technologies
Fatty Acid Methyl UCOAF
Ester (FAME)

FAME, Gl

1.07

0.6-0.9

2.5-2.8

79%

Hydrotreated
Esters and Fatty
Acids (HEFA)

UCOAF

D, P, N

1.09

1.8

2.8

77%

Fermentation

Lignocellulosics

EtOH, H, E

0.61

10

9

78% - 90%

Digestion and
Manure and
biogas upgrading sludges, landfill
gas, and organic
waste

B

0.57-0.6

2.7-12.9

Biogas
liquefaction

Biogas from
manure, sludges
and landfill

LNG

0.92

1.7

Fischer-Tropsch
(FT)

Lignocellulosics

Hydrothermal
liquefaction
(HTL) and full
hydrodeoxygenation
Pyrolysis and
full hydrodeoxygenation
i.

30,214,290

290,418

1.2-4.9

50% - 179%

iv

290,419,420

0v

60% - 163%iv

290,421,422

D, E, N

0.45

9.6

9.1

93%

214,290

DME, H, E

0.55

7.4

4.1

93%

290,418

Woody biomass

D, G, HFO

0.56

3.4

3.0

81%

231,232

Woody biomass

D, G, HFO

0.50

5.6

5.7

77%

231,232

B=Biogas, D=Renewable diesel, DME=Renewable Dimethyl Ether, E=Renewable electricity, EtOH=bioethanol,
FAME=FAME biodiesel, G=Renewable gasoline, Gl=Glycerine, H=Heat, HFO=Renewable heavy fuel oil, LNG= Renewable
Liquefied natural gas, N=Renewable Naphtha, P=Renewable propane, and RJF=Renewable jet fuel.
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Ranges in cost and yield are due to feedstock-specific differences. Product yields may exceed unity due to the input of
utilities. S6.4 shows product-specific yields.
The annualized CAPEX was calculated using a discount rate of 7% and a lifetime of 20 and 12 years for biofuel and
biogas installations, respectively. The OPEX listed here does not include the cost of feedstocks, utilities (i.e. hydrogen,
electricity and natural gas) nor netbacks of co-products (i.e. LPG, naphtha), as these may change with model solution
or modeling year. For all technologies 8000 full load hours were assumed.
Ranges are due to variation in feedstock and technology design (a disaggregation can be found in S6.4). The RED-II fossil
comparator for transport fuels (94 g CO2-eq MJ-1 fuel) was used to calculate the GHG savings for diesel, gasoline and
jet fuel substitutes. Please note that for biogas and bio-LNG, the fossil comparators of natural gas (56.2 g CO2-eq MJ-1
fuel) and LNG (76.4 g CO2-eq MJ-1 fuel) were used. When the RED-II fossil comparator was used, all biogas and bio-LNG
pathways would achieve the 70% GHG emission savings threshold imposed by the RED-II proposal for installations
commissioned from 2021 onwards.
The utility requirement is covered by natural gas (incorporated in the yield); other OPEX was included in the CAPEX.

6.3.3.2 Greenhouse gas performance
The reduction in life-cycle and combustion emissions was quantified based on the
feedstock-technology portfolio emerging from RESolve-Biomass. The life-cycle
emission reduction represents the overall GHG emission reductions from the use
of non-food biofuels in EU transport. The GHG emission savings listed in Table
6‑1 were obtained from Edwards et al.290 and de Jong et al.232 All pathways listed in
Table 6‑1 achieve the 70% GHG savings threshold, which is imposed on installations
commissioned from 2021 onwards by the RED-II proposal.68 The combustion emission
reduction quantifies the emission reduction allocated to the aviation, marine and
road transport sector. CO2 emissions from the combustion of biofuels were assumed
to be zero, in line with the IPCC Guidelines for National Greenhouse Gas Inventories
emissions from biofuels.423 The combustion emission reduction from non-food biofuels
was estimated by awarding an emission credit equal to the CO2 emission factor for fossil
jet fuel (71.5 g CO2 MJ-1), gasoline (69.3 g CO2 MJ-1), diesel (74.1 g CO2 MJ-1), residual fuel
oil (77.4 g CO2 MJ-1) and natural gas (56.1 g CO2 MJ-1).423
6.3.3.3 Capacity deployment
RESolve-Biomass was initialized in 2005 and aligned with actual production and
consumption data during 2005-2016 (especially the spatial distribution of production
and consumption).424–427 Model projections were used to establish the biofuel mix for
2020. These projections show a lower renewable energy share in transport in 2020
(8.7% on an EU average, including double counting biofuels) compared to the proposed
RED-I target of 10%. This is largely due to limited announced advanced biofuel capacity
and the imposed restrictions on the share of food-based biofuels (S6.2).
The maximum rate at which production capacity could be deployed was constrained
at +150% in the first three years and +90% thereafter to better reflect historic biofuel
deployment rates in the EU. 398 Premature closure (<20 years) was allowed up to 10% of
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total capacity per year. The growth potential of technologies was further constrained
by their theoretical market size, which may be confined by fuel type (e.g. ethanol can
only replace gasoline) or blend wall (7% for FAME biodiesel and 10% for ethanol on
volumetric basis) (S6.5).
Table 6‑2 lists the introduction year of the conversion technologies in scope. FischerTropsch (FT) and Alcohol-to-Jet (ATJ) technology are assumed to be commercially
available by 2020 (at 100 MWin), as (components of) the technology have been validated
for other products and feedstocks.28 It was assumed that pyrolysis and HTL are
commercialized in 2023 and 2025 (at 50 MWin), respectively, as several pre-commercial
pyrolysis facilities are currently in operation, while HTL is yet to be demonstrated.28,267
Moreover, full hydrodeoxygenation of the biocrude still poses technical challenges
and the jet fuel fraction is yet to be certified for use in commercial aviation.428 The
introduction year was varied in a sensitivity analysis, as these assumptions are uncertain
and largely depend on future Research, Development and Demonstration (RD&D)
efforts.
6.3.3.4 Technological learning
RESolve-Biomass incorporates cost reductions over time through technological
learning based on scale-dependent and market-driven learning effects.429 Scaledependent learning includes cost reductions caused by economies of scale as plant
size may increase over time. Scale-dependent learning effects were initialized once the
technology was introduced in the model. These effects were modeled exogenously
and were defined by the time it takes to double the plant size (‘doubling time’). Marketdriven learning effects include process improvements, upscaling of individual process
components and increasing operation experience. It is modeled using experience
curves, in which a progress ratio describes the CAPEX and OPEX reduction for every
doubling in cumulative capacity. No endogenous learning was applied to feedstock
cost or GHG emission reduction performance.
Table 6‑2 summarizes the assumptions regarding technological learning, which were
largely based on de Wit et al.429 and van Stralen et al.407 It was assumed that upscaling
is the most important driver during early commercialization of novel technologies,
for which a doubling time of 5 years was utilized.429 A conservative scaling factor of
0.8 was assumed to account for process components which have high scaling factors
(e.g. feedstock handling or steam methane reformer) or require parallel production
after a certain maximum capacity.105,430 Furthermore, a 5% maximum market share
was assumed for single plants to avoid unrealistic dependencies on one plant. The
initial and maximum plant capacities were set to 100 MWin and 2000 MWin for large-
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scale technologies and 50 MWin to 400 MWin for small-scale technologies. For existing
technologies, only market-driven learning was incorporated. The cumulative capacity
was determined endogenously by the deployed capacity in the model, thereby
assuming the EU is a closed learning system (or the EU share of global deployed
capacity remains constant).
Table 6‑2: Assumptions regarding capacity deployment and technological learning.
Technology

Sub
process

Introduction
year

Marketdriven
learning

Scale-driven learning

Progress
ratio

Initial plant Maximum
capacity
plant
capacity

Ref.

Doubling
timei

%

MWinput

MWinput

Years

Fatty Acid Methyl Ester
(FAME)

2005

90%

-

-

-

429

Fermentation
(Lignocellulosics)

2015

99%

100

2000

5

429

2007

90%

-

-

-

ii

Hydrotreated Esters and
Fatty Acids (HEFA)

Diesel

2016

90%

-

-

-

Digestion and biogas
upgrading

2005

100%

-

-

-

431

Biogas liquefaction

2005

100%

-

-

-

iii

Fischer-Tropsch (FT)iv

2020

98%

100

2000

5

429

Alcohol-to-Jet (ATJ)

2020

100%

100

2000

5

iii

Hydrothermal liquefaction
(HTL)iv

2025

98%

50

400

5

407

Pyrolysisiv

2023

98%

50

400

5

ii

i.
ii.
iii.
iv.

iv

RJF

Only years in which new capacity was built were considered in the doubling time.
Pyrolysis was assumed similar as HTL. HEFA was assumed similar as biodiesel.
No market-driven learning was included as the components of the ATJ systems are widely used in the petrochemical
industry, albeit separately.
The data listed in this table were assumed equal for both versions of technologies with and without RJF co-production.

6.3.4 Fossil reference
The costs for the fossil reference products were based on price projections of crude
oil, natural gas and coal, taken from the PRIMES reference 2016 scenario (S6.6).415 Fossil
fuel price projections are highly uncertain and depend on the stringency of climate
policy and the production costs of different supply options. The current projections
show a constantly increasing oil prices (2.3% yr-1) during 2021-2030, driven by growing
demand in developing countries, while production stabilizes in countries outside the
Organisation of the Petroleum Exporting Countries. The average oil/product price ratio
over 2007-2017 (energy basis) was used to determine the price ratio for jet fuel (1.30),
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diesel (1.18), gasoline (1.24), heavy fuel oil (0.78), marine gasoil (1.24) and other fossil
products, relative to crude oil (S6.6).
The electricity price was projected using the electricity market model COMPETES.407,432
A CO2 price was added to fossil product use in sectors included in the EU ETS (i.e.
electricity, large scale heat applications and intra-EU aviation). It was assumed that
extra-EU aviation will be covered under CORSIA from 2021 onwards. The CO2 price was
assumed equal for EU ETS and CORSIA and grows progressively from 9 € t-1 in 2021 to
27 € t-1 by 2030.415 It was assumed that RJF may be counted towards proposed RED-II
biofuel targets as well as CORSIA or EU ETS.

6.4

Results

6.4.1 Technology portfolio
Figure 6‑6 and Figure 6‑7 show the biofuel mix by conversion technology and end-use
sector for the four supply-demand scenarios. The results show two trends: 1) an increase
in advanced biofuel production driven by the sub-target for advanced biofuels and 2)
a growing share of non-food biofuel consumption in the aviation and marine sectors
driven by the multiplier for aviation and marine biofuels and the relatively high price
for fossil jet fuel and marine gasoil relative to diesel and gasoline (making aviation and
marine biofuels a cheaper substitute for fossil fuel).
As a result of these trends, the consumption of non-food biofuels in the aviation sector
grows from 1 PJ in 2021 to 165-261 PJ yr-1 (3.8-6.1 Mt yr-1) of RJF by 2030, representing 2433% of total EU non-food biofuel consumption. The RJF volume is positively affected
by high supply of UCOAF (HS scenarios) and high demand for advanced biofuels
production, of which RJF is often a co-product (HD scenarios). Although the quantity of
UCOAF-based biofuels remains roughly constant over time due to limits on feedstock
supply (rather than the 1.7% cap imposed by the RED-II proposal), it is increasingly
diverted to the aviation sector due to the multiplier mechanism; 41%-45% of UCOAFbased biofuels are consumed in the aviation sector by 2030. By 2030, 109-213 PJ yr-1
(2.5-4.9 Mt yr-1) RJF is produced from lignocellulosic biomass using technologies which
are currently not yet commercialized. RJF based on lignocellulosic biomass is initially
produced using FT and ATJ. Pyrolysis and HTL are added to the technology portfolio
upon commercialization, but their contribution is marginal due to low RJF yields.
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Figure 6‑6: The mix of RJF by technology type for the four biomass supply-demand scenarios.

Figure 6‑7 shows that non-food biofuel consumption in road transport remains
relatively constant, while it increases sharply in the aviation and marine sectors
(instigated by the multiplier). The sub-target for advanced biofuels increases overall
consumption in the EU from 71 PJ yr-1 in 2021 to 460-515 PJ yr-1 by 2030. Initial volumes
are supplied through biogas from digestion and lignocellulosics-based ethanol;
after 2025 a more diverse technology mix with ATJ, FT, pyrolysis and HTL emerges as
these technologies commercialize. 393-450 PJ yr-1 non-food biofuel is produced from
lignocellulosic biomass by 2030. The lack of variation among scenarios (especially before
2027) indicates that new technologies not necessarily emerge because of superior
economic performance, but rather because the model has few technology options to
meet the biofuel targets. In the first years, non-food biofuel options are mainly limited
to lignocellulosic ethanol, because other advanced biofuel technologies have not
commercialized and UCOAF-based biofuels are restricted by limited feedstock supply.
As a result, the E10 blend wall is reached in 2023, instigating the need for ATJ and FT
technologies to produce drop-in fuels (hence boosting RJF production), despite poorer
economic performance than alternative technologies. New technologies generally
follow the maximum deployment rates before 2027, after which the model has more
room to maneuver.

Renewable jet fuel supply scenarios in the European Union

|

211

6

Figure 6‑7: The mix of non-food biofuels by end-use sector (left) and conversion technology (right).

6.4.2 Biomass use
Figure 6‑8 shows that total biomass use increases from 5.4 EJ in 2021 to 5.6 EJ in LD
scenarios and 6.9-7.3 EJ in HD scenarios by 2030. HD scenarios show increased use of
agricultural residues, primary forestry residues and imported wood pellets, sugarcanebased ethanol and lignocellulosics-based ethanol. In the LD scenarios the share of
biomass use remains constant or declines slightly, while imports are particularly
prominent in the first half of the decade.
RJF is mainly produced from UCOAF, agricultural residues (e.g., straw from cereals and
corn stover), and forestry residues (i.e. sawmill by-products, primary forest residues,
industrial wood residues, landscape care wood and black liquor). Intra- and extra-EU
UCOAF potentials are fully exploited across all scenarios, which illustrates its key role
in reaching biofuel targets cost-effectively, particularly in the short term. HD scenarios
show a higher share of imported biomass (mainly wood pellets) and biofuels (mainly
ethanol). Projected utilization rates of intra-EU biomass by 2030 (41-62%) leave some
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room for further growth of advanced biofuels in the EU beyond 2030, especially since
vast potentials of agricultural residues (0.8-1.8 EJ), forestry residues (0.7-2.6 EJ) and
perennial crops (0.7-1.2 EJ) remain underutilized.

Figure 6‑8: EU biomass use.

6.4.3 Cost
Figure 6‑9 shows the marginal cost differential (left panel) and the total additional
cost (right panel) for RJF. Both graphs were based on the differential between fossil jet
fuel price and the marginal production cost of RJF, which is an average over RJF types
weighted by production volume (advanced RJFs typically show a higher marginal cost
differential than UCOAF-based RJF, as the former have a separate biofuel target). The
total additional cost is the product of the marginal cost differential and production
volume. The marginal cost differential can be interpreted as the maximum cost of
RJF production at which it is economically preferred to supply RJF than alternative
biofuel options serving the same target. This preference is governed by the additional
production costs of RJF relative to other non-food biofuel options and the multiplier
for RJF.
In all scenarios a cost differential between RJF and fossil jet fuel remains towards
2030, irrespective of conversion pathway. The cumulative additional costs in these
scenarios vary between €7.7-11 billion over 2021-2030, which translates to an average
cost differential of 11-16 € GJ-1 RJF (491-682 € t-1). In all scenarios except LSHD, the cost
differential decreases from roughly 40 € GJ-1 RJF (1740 € t-1) in 2021 to 7-13 € GJ-1 RJF
(280-540 € t-1) by 2030. This drop is partly caused by fossil jet fuel prices increasing by
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9 € GJ-1 over this period; the remainder is due to the availability of cheaper feedstocks
and a reduction in production cost because of technological learning.
Learning effects are mainly driven by scale-dependent learning and reduce conversion
costs for lignocellulosics-based technologies between 15% for cellulosic ethanol to 2128% for HTL, FT, ATJ and pyrolysis over the period 2021-2030. For the LD scenarios, this
reduction allows the RJF volume to double while additional costs stabilize during 20272030. Despite slightly larger cost reductions induced by market-driven learning (due
to higher deployment) in the HD scenarios, total additional costs increase because of
higher competition for biomass, high reliance on (more expensive) imports and high
RJF production volumes, which implies that the model moves higher up the costsupply curve. The same dynamics also drive up the marginal costs of other products;
relative to the LSLD scenario, marginal costs of bio-based electricity and heat increase
by roughly 15% and 60% (HSHD scenario) and 100% and 225% (LSHD scenario) during
2025-2030. The results for LSHD in 2030 were excluded from Figure 6‑9, as they were an
order of magnitude higher than the other scenarios, indicating the model requires very
expensive solutions to fulfil the bioenergy demand.

Figure 6‑9: Additional cost of RJF introduction.

6.4.4 Greenhouse gas emissions
Figure 6‑10 shows a 3-fold increase in reductions in combustion (left panel) and lifecycle (right panel) greenhouse gas emissions from non-food biofuels between 2021
and 2030. This increase is mainly attributed to the aviation and marine sectors, while
emission reductions in road transport remain constant over time. The introduction of RJF
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reduces combustion emissions in the aviation sector by 12-19 Mt CO2-eq by 2030, which
roughly equals the combustion emissions of domestic aviation (15 Mt CO2-eq) 433. The
average life-cycle GHG emission reduction of RJF equals 77-79% over 2021-2030. Total
combustion emission reductions from non-food biofuels in the marine sector (14-18 Mt
CO2-eq yr-1 in 2030) are comparable to the current emissions of domestic navigation (16
Mt CO2-eq yr-1) 433. In comparison, renewable electricity use in road transport reduces
combustion emissions by 7-11 Mt CO2-eq in 2030 (cf. 5 Mt CO2-eq in 2021).

Figure 6‑10: Combustion (left) and life-cycle (right) greenhouse gas emission reduction from non-food
biofuels by end-use sector. Emission reductions from renewable electricity in road transport are not shown.

6.5	Sensitivity analysis and alternative policy scenarios
This section tests the impact of key assumptions on the model outcomes and explores
alternative policy scenarios. The analyses were applied to the LSLD scenario.

6.5.1 Technology development
As technology development is uncertain and highly depends on future RD&D efforts,
this sensitivity analysis evaluates the impact of the pace of technology development
and associated cost reductions by varying the introduction year, doubling time, scaling
factor and maximum deployment rate in a High technology development (HT) and
Low technology development (LT) case (Table 6‑3).
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Table 6‑3: An overview of the High technology development (HT) and Low technology development (LT)
case.
Introduction year

Fermentation
(Lignocellulosics)

Doubling time

Scaling factor

Maximum deployment
ratei
Base

LT

HT

150%
(90%)

150%
(90%)

200%
(150%)

Base

LT

HT

Base LT

HT

Base LT

HT

2015

2015

2015

5

3

0.8

0.7

7

0.8

Fischer-Tropsch (FT)

2020

2023 2020

5

7

3

0.8

0.8

0.7

Alcohol-to-Jet (ATJ)

2020

2023 2020

5

7

3

0.8

0.8

0.7

Hydrothermal
liquefaction (HTL)

2025

2027 2023

5

7

3

0.8

0.8

0.7

Pyrolysis

2023

2025 2020

5

7

3

0.8

0.8

0.7

i.

The values in between brackets indicate the maximum growth rate after 3 years.

Figure 6‑11 shows the resulting mix of non-food biofuels by end-use sector for the
HT and LT case. The HT case provides more technology options, leading to lower cost
of compliance (the cost differential for RJF almost dissolves towards 2030), reduced
imports and a more diverse feedstock-technology portfolio. Learning effects reduce
production costs by almost 50% for HTL, ATJ and pyrolysis (cf. 21-28% in the base case).
Moreover, the earlier introduction of HTL and pyrolysis increases the role of these
technologies at the expense of FT, which generally has higher production cost. These
effects halve the cumulative additional costs of RJF production (€ 3.9 billion) over 20212030 compared to the base case.
The LT case could not be solved, as the advanced biofuel target could only be fulfilled by
biogas and lignocellulosics-based ethanol until 2023, both of which require adaptation
to infrastructure and fleet at high deployment rates. Hence, policies to support and
expedite technology development are cardinal to the feasibility and affordability of the
proposed advanced biofuel targets.
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Figure 6‑11: The mix of non-food biofuels by end-use sector for the low and high technology development
case.

6.5.2 The multiplier for RJF
The RED-II proposal uses a multiplier to incentivize RJF production. However, the
effectiveness of the multiplier depends on its size and the relative cost differential of
RJF with respect to other biofuels. The following cases explore the impact of key policy
levers (case 1 and 2) and volatility in fossil fuel prices (case 3 and 4) (Figure 6‑12:):
1. Size of the multiplier. Case 1A and 1B evaluate the impact of different multipliers
for RJF (1.0 and 2.0). The multiplier for marine biofuels is kept at 1.2.
2. Excise duties or CO2 price on transport fuels. Some Member States partly or fully
exempt road biofuels from excise duties, which decreases the cost differential for
road biofuels and thus affects the relative attractiveness of RJF.sa In case 2A such
exemption were applied to road biofuels equal to the minimum EU excise duty
rates on petrol (10.4 € GJ-1), diesel (9.2 € GJ-1) and natural gas (2.6 € GJ-1) used in
transport.434 In case 2B the CO2 price on fossil jet fuel was removed.
3. Change in jet to diesel/gasoline price spread. Changes in the spread between
s
No exemptions can be given to the aviation biofuels, as generally no excise duty is levied on fossil jet fuel. Although
EU legislation allows an excise duty to be levied on domestic flights or intra-EU flights when there is a bilateral agreement
between Member States, few Member States do this.
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fossil diesel/gasoline and jet fuel affects the relative cost differential. Case 3
investigates the effect of higher diesel/gasoline prices, by taking 2-year ratios instead
of 10-year ratios for fossil fuels relative to crude oil. This particularly increases the
ratios for diesel (1.31 cf. 1.18 in base) and gasoline (1.37 cf. 1.24 in base), while the
ratio for jet fuel (1.29 cf. 1.30 in base) remains roughly constant.
4. Elevated fossil fuel prices. Case 4 evaluates the impact of a higher crude oil price
scenario, which increases the oil price by 10-30% during 2021-2030 (S6.6).

6

Figure 6‑12: General dynamics of the multiplier for aviation biofuels. M indicates the multiplier for aviation
biofuels. The relative size of the bars in the chart is illustrative only. Although only road and aviation are shown
here, the pricing of marine (bio)fuels also affect system dynamics.

Figure 6‑12 shows that the attractiveness of RJF is predominantly affected by the RJF
multiplier and tax incentives for road transport biofuels. A multiplier of 2 (case 1B) leads
to 273 PJ yr-1 RJF (6.3 Mt yr-1) by 2030, but also results in a sharp decline in non-food
biofuel consumption (514 PJ yr-1) and lower combustion emissions reductions (36 Mt
yr-1 CO2-eq cf. 49 Mt yr-1 CO2-eq in base). A multiplier of 1 (case 1A) leads to 62 PJ yr-1 RJF
(1.4 Mt yr-1) by 2030, largely because the conversion to HEFA-RJF is no longer attractive.
RJF is only produced as a co-product of advanced biofuel production, as the price of
fossil jet fuel is higher than diesel and gasoline. In case 1A non-food biofuel use in
road and marine transport rise by 25% and 19% in 2030 relative to the base case. A tax
exemption for road transport biofuels (case 2A) yields 96 PJ yr-1 RJF (2.2 Mt yr-1), but in
this case RJF is produced as a co-product of advanced biofuel production because of
the 1.2 multiplier on RJF. Tax exemptions in road transport reduce non-food biofuel
consumption in the aviation and marine sectors by 42% and 6%, while increasing the
use of non-food biofuels in road transport by 32%. Although both cases still contain
some RJF consumption, simultaneous removal of the multiplier and application of tax
incentives for road transport biofuels will likely lead to negligible volumes of RJF.
The other cases were found to have insignificant impact when applied individually. It
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is shown that the current CO2 prices potentially applied through EU ETS and CORSIA
do not alter the amount of RJF produced. Similarly, the assumed volatility in fossil fuel
prices is not sufficient to change the mix of non-food biofuels, suggesting the system
dynamics are inert up to a certain tipping point.

Figure 6‑13: The mix of non-food biofuels by end-use sector for the sensitivity cases affecting the
attractiveness of RJF.

6.5.3 A biofuel target across all transport sectors
In this analysis, the overall target for renewable transport fuels was extended to cover
intra-EU aviation and marine, while the multiplier for aviation and marine biofuels
was removed. The use of non-biobased fuels and renewable electricity in these
sectors was assumed negligible. As this leads to 16% higher demand for non-food
biofuels over the period 2021-2030, this analysis could only be run using the high
technology development case (Table 6‑3). Fuel demand for aviation was aligned with
own projections (S6.1). Fuel demand for marine transport was obtained from industry
projections.435 The intra-EU share of total fuel use for aviation (39%) and marine (35%)
was estimated from emission records.436,437

Renewable jet fuel supply scenarios in the European Union

|

219

6

Figure 6‑14: Mix of non-food biofuels by end-use sector for a target across all transport sectors.

Figure 6‑14 shows a significant increase in non-food biofuels consumption in road
transport compared to the base case (379 PJ yr-1 in 2030 cf. 209 PJ yr-1 in base), while
RJF consumption increases slightly to 176 PJ yr-1 (4.1 Mt yr-1) in 2030. The higher price for
fossil jet fuel compared to diesel and gasoline is sufficient to instigate RJF production,
but insufficient to cover the additional cost for HEFA-RJF relative to HEFA-diesel. RJF
is mainly produced as a co-product in cases where it does not increase production
costs (i.e. FT, ATJ, HTL and pyrolysis). ATJ is a particularly important technology in this
analysis, as the E10 blend wall is already reached in 2021. The relative shares of UCOAFbased and advanced biofuels do not change significantly compared to the base case.
However, this case shows increased imports, system costs and marginal costs due to
increased pressure on the system. This case also involves a more ambitious growth of
advanced biofuel production capacity than the base case.
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The introduction of RJF could also be incentivized by a separate biofuel target for
aviation and marine. However, this sensitivity analysis shows that a transport-wide
target leads to a higher non-food biofuel share in intra-EU aviation (15%) and marine
(21%) than in road transport (3.1%). A separate target for aviation or marine of the size
of the renewable transport fuels target (6.8% by 2030) will thus likely lead to higher cost
of compliance.

6.6	Discussion
6.6.1 Implications for RJF adoption in aviation
Depending on biomass supply and demand, the base case results show 165-261 PJ
yr-1 (3.8-6.1 Mt yr-1) RJF production by 2030, representing roughly 6-9% of total EU
jet fuel consumption. The RJF supply scenarios highly depend on the development
of advanced biofuel technologies and the presence of adequate (policy) incentives.
The introduction of RJF reduces aviation-related combustion emission by 12-19 Mt yr-1
CO2-eq by 2030, offsetting 53-84% of projected emission growth of the sector in the
EU by 2030. However, vast growth of RJF beyond 2030 is required if the emission gap
continues to grow.
The introduction of RJF is largely driven by the 1.2 multiplier for RJF, (advanced) biofuel
targets, and the high price of fossil jet fuel relative to other fossil fuels. Additional
incentives for RJF will increase RJF volumes and increasingly shield RJF development
from market volatility, but a higher multiplier may also dilute the biofuel targets and
lead to lower overall GHG emission reductions. Increasing the use of RJF depends
on biomass mobilization (especially UCOAF) and development of (advanced) biofuel
technologies, including technical certification for use in commercial aviation.
The cost differential of RJF over fossil jet fuel drops significantly from 40 € GJ-1 in 2021
to 7-13 € GJ-1 in 2030, due to increasing oil prices and decreasing production costs. The
CO2 abatement cost of RJF are high (91-176 € t-1 CO2 in 2030) compared to projected
CO2 prices and other bioenergy options. 334 EU ETS and CORSIA will thus likely provide
a marginal incentive for RJF. The RED-II proposal allocates the cost of biofuel use to
suppliers of road transport fuel, as road transport is the only obligated transport
segment (jet fuel suppliers are not obliged to supply biofuels). The cost burden of RJF
on the road transport sector is of the order of 0.24-0.31 €-cents per liter, averaged over
2021-2030. If the cost would be allocated to the aviation sector instead, the average
costs would amount to 1.0-1.4 € per departing passenger on intra-EU flights.
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6.6.2 Implications for the EU biofuel portfolio
This study shows that the RED-II proposal increases consumption of non-food biofuels,
particularly in the aviation and marine sectors, which correspond to 28-41% and 2934% of total non-food biofuel consumption in the EU in 2030. This shift is caused by the
imposed multiplier for aviation and marine biofuels and the high price for fossil jet fuel
and marine gasoil relative to road transport fuels. Increased consumption of non-food
biofuels in the aviation and marine sectors, which have few options to reduce their GHG
intensity, can lead to greater emission reductions in transport, provided renewable
electricity use in road transport increases.
The use of advanced biofuels grows rapidly because of the imposed sub-target. The
conversion cost of advanced biofuels reduces by 15%-28% over the period 2021-2030
through technological learning, while the availability of cheaper feedstocks and higher
oil prices further instigate cost reductions. Successful commercialization of advanced
biofuel technologies is vital to the feasibility of biofuel targets, as 52-58% of biofuel
volumes (393-450 PJ yr-1) by 2030 are produced by technologies which are currently not
yet mature (i.e. ATJ, FT, HTL and pyrolysis) or widely commercialized (e.g. lignocellulosicsbased ethanol). The deployment of these technologies requires persistently high
deployment rates (30-42% y-1) during 2021-2030, which implies a rapid acceleration
compared to the average growth rate in biofuel production in the EU (10% y-1) and
the United States (13% y-1) during 2006-2016.72 Categorized biofuel targets alone will
not necessarily stimulate commercialization of new technologies, as was observed in
the United States.438 A solid investment climate and incentives to mobilize domestic
biomass and commercialize advanced biofuel technologies are therefore encouraged.

6.6.3 Discussion on key assumptions and model characteristics
Several assumptions deserve additional attention as they are important drivers of
model results:
• The pace of technology development. The introduction year, technological
learning potential and the deployment rate of biofuel technologies largely drive
model results (rather than cost minimization), but highly depend on RD&D efforts.
Low technology development impedes target compliance, while faster technology
development reduces imports and system costs and leads to a more diverse
feedstock-technology portfolio.
• Techno-economic and life-cycle emissions data. The performance data of
advanced biofuel technologies are largely based on process modeling studies.
The variance in cost and GHG emission estimates can be significant due to lack of
empirical validation, especially for immature technologies such as pyrolysis and
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HTL.214,232 These assumptions particularly affect system cost and life-cycle GHG
emission reduction, but marginally affect the technology portfolio, which is mainly
driven by biofuel targets and the pace of technology development.
• Additional cost of RJF production. It was assumed that RJF production using FT,
pyrolysis or HTL does not incur additional costs compared to diesel-only production.
Although additional costs affect the relative attractiveness of RJF production, the
production of HEFA RJF illustrates that additional cost can be absorbed to a certain
extent, under the assumption of a 1.2 multiplier and relatively high fossil jet fuel
price compared to other fossil fuels.
• Policy context. Amendments to the RED-II proposal at EU or national level
may impact the results, particularly when affecting non-food biofuel targets,
sustainability criteria, and incentives for non-food biofuel use in the aviation and
marine sectors and renewable electricity use in road transport (some of which were
tested in the sensitivity analysis).
• Biomass demand and supply. Biomass demand and supply were modeled
exogenously. For some biomass demand segments, exogenous modeling of biomass
demand is justified because demand is defined by policy targets (i.e. advanced
biofuels). Biomass demand from other segments (e.g. bio-based electricity and heat)
depends on the competitiveness of bioenergy relative to other renewable energy
technologies which was not explicitly modeled here. Furthermore, the development
of extra-EU biomass markets may limit imports to the EU and/or instigate exports
from the EU and thus affect the cost and feasibility of target compliance.

6.7

Recommendations for further research

This study shows that RJF consumption could grow significantly in the coming decade,
depending on policy incentives, technology development and biomass supply. It
is therefore encouraged to include RJF in other (bio)energy models to explore the
potential of RJF on a national, regional and global level. It is further recommended
to include a more detailed representation of RJF in sectoral models of the aviation
industry to study the impact of RJF introduction and regulatory measures (e.g. a perpassenger surcharge) in terms of fuel cost, market growth and climate impact.
The RESolve-Biomass model may be improved by a broader and more detailed
technology scope. For example, the use of lower-quality biofuels (e.g. partially
upgraded pyrolysis/HTL biocrude) for marine applications may contribute to higher
biofuel use in the marine sector and faster development of these technologies.
The temporal scope of this study covers 2021-2030. It is encouraged to further explore
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the role of bioenergy in the EU beyond 2030, based on future policy options, trends in
domestic biomass supply and demand, and the development of bioenergy markets
outside the EU. Moreover, as deep GHG emission reductions are required to reach
climate mitigation targets, it becomes increasingly important to explore the optimal
allocation of biomass among end-use sectors, while considering the interaction
between bioenergy and other renewable energy sources.
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S6	Supplementary Information
S6.1

Aviation-related emission projections in the EU

Aviation-related emissions in the EU were projected based on industry growth rates, efficiency
gains and operational improvements (Table 6‑4, Table 6‑5 and Table 6‑6).70,397 Greenhouse gas
emissions in this paper comprise CO2, CH4 and N2O emissions. The emissions include all flights
departing from EU airports. Emissions were obtained from Eurostat.433 The industry target caps
emissions from 2020 and halves emissions by 2050 relative to 2005. In Figure 6‑15 it was assumed
that emission reductions to achieve the 2050 target are initiated in 2035. The emission trajectory
in the RCP 2.6 scenario was adapted from Cames et al. 393, who quantified that emissions need
to be reduced by 67% in 2050 relative to 2020 to keep the contribution of aviation-related
emissions to global emissions constant after 2020. The RCP 2.6 scenario follows an emission
scenario likely leading to a temperature rise ranging from 0.9 to 2.3 oC (mean 1.6), relative to
pre-industrial times.4
Besides the Baseline scenario discussed in the main text, Figure 6‑15 also shows a High growth
and Low growth scenario. Only in case of low industry growth and optimistic efficiency gains
and operational improvements, the industry target may be achieved without additional
measures in the coming decade. In the Baseline and High growth scenario, there is an increasing
gap between projected and targeted CO2 emissions from 2020 onwards. The figures also show
that an equal share emission trajectory requires deeper emission reductions than the industry
target.

Figure 6‑15: Combustion emissions from EU aviation with improvements in fuel efficiency and operations
versus an industry target and RCP 2.6 scenario (shown from 2005-2050).
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Table 6‑4: Fuel burn growth rates for the Baseline, high growth and low growth scenario.70
Industry growth rate (% yr-1)

Baseline

High growth

Low growth

2017–2020

2.7%

0.9%

3.5%

2021–2025

2.8%

1.1%

3.3%

2026–2030

2.5%

1.2%

3.1%

2030–2050i

2.5%

1.2%

3.1%

Average

2.6%

1.1%

3.2%

i.

Extrapolated from 2026-2030.

Table 6‑5: Operational improvements for all scenarios. 397

6

Operational improvements (% yr-1)
2010–2020

0.33%

2020-2030

0.37%

2030–2040

0.24%

2040-2050

0.24%

i.

i

Extrapolated from 2030-2040.

Table 6‑6: Efficiency gains for the Baseline, low growth and high growth scenario. 397

Efficiency gains (% yr-1)

S6.2

Baseline

Low efficiency gains

High efficiency gains

0.96%

0.57%

1.5%

Establishing demand for biofuels

RED-II proposal
The RED-II proposal contains six renewable fuel categories according to the feedstock used:
•

Category 1: Advanced biofuels: biofuels produced from feedstocks in Annex IX – part A (e.g.
algae, agricultural and forestry residues).

•

Category 2: Biofuels produced from feedstocks in Annex IX – part B (i.e. used fats and oils
and molasses).

•

Category 3: Renewable liquid and gaseous fuels: liquid or gaseous fuels other than biofuels
whose energy content comes from renewable energy sources other than biomass.

•

Category 4: Waste-based fossil fuels: e.g. carbon capture and utilization.

•

Category 5: Renewable electricity.

•

Category 6: Food and feed-based biofuels.

The RED-II proposal contains an overall target for category 1-5 fuels (1.5% in 2021 increasing to
6.8% by 2030) and a sub-target for category 1 fuels (0.5% in 2021 increasing to 3.6% by 2030), see
Figure 6‑16. Furthermore, it caps the contribution of food and feed-based biofuels to 7% in 2021,
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gradually decreasing to 3.8%. The contribution of category 2 fuels is capped at 1.7% (constant
over time).

Figure 6‑16: RED-II targeted share of different renewable fuel category in final energy consumption in road
and rail transport for 2021-2030.68

Demand projections for category 1-5 fuels in this paper
Figure 6‑17 shows how the RED-II targets are translated into demand projections of the different
biofuel categories for the low and high demand scenario. The advanced sub-target for category
1 fuels could directly be transposed into a demand profile. The share to be filled by category
1 and 2 biofuels (“cat 1-2 fuels” in Figure 6‑17) was calculated by subtracting the projected
share of category 3-5 fuels from the renewable fuels (category 1-5) target. If the consumption
of category 1 and category 1-2 fuels in a member state in 2020 exceeded the minimum share
in 2021 as specified in the RED-II proposal, the share was kept constant until the RED-II share
exceeded the consumption.
The uncertainty regarding the role of fuels of non-biological origin (category 3-4 fuels) and
renewable electricity (category 5 fuels) was captured in the high and low biomass demand
scenarios. The low and high biomass demand scenario assume a 0.5% and 0% share of
renewable fuels of non-biological origin by 2030, respectively. Furthermore, the share of
renewable electricity in the road transport sector in the high biomass demand scenario was
calculated from the product of projected electricity use in road transport (0.87% in the EU by
2030) and domestic renewable electricity production in the PRIMES 2016 reference scenario.415
The RED-II proposal prescribes that member states may choose to take the national share of
renewable electricity or the average EU share of renewable electricity. We have assumed that
member states choose whichever share is higher. In the low demand scenario, the penetration
of electricity in road transport was assumed to be twice as high (1.74%), anticipating on a faster
electrification of the car fleet across the EU.
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Figure 6‑17: Translation of the targets for renewable transport fuels in the RED-II proposal. The figure shows
the EU average; targets per member state may differ due to a different share of renewable electricity in the
energ mix. Category 1-2 fuels may be filled by both category 1 and 2 fuels.

Demand projections for category 6 (food- and feed-based) biofuels in this paper
The demand profile for food and feed-based biofuels (hereafter indicated as ‘food-based
biofuels’) poses a challenge, as the RED-II proposal introduces a declining cap for this fuel
type instead of a target. We assume that the average EU share of food-based biofuels declines
from 3.6% in 2021 to 1.4% by 2030 (Figure 6‑17). This biofuel demand is fulfilled by food-based
biofuels, unless advanced biofuels (category 1) are more competitive. The paragraphs below
explain the underlying assumptions for this demand profile.
The amount of food and feed-based biofuels (hereafter indicated at ‘food-based biofuels’) in
the EU in 2015 was 3.3%.416 However, there is a tendency in the EU to move away from foodbased biofuels. Firstly, the contribution of food-based biofuels is capped at 7% as from the 2015
“iLUC Directive” (Directive (EU) 2015/1513).64 The RED-II proposes a gradual reduction of the cap
to 3.8% by 2030. Secondly, with stricter GHG emission reduction thresholds and iLUC factors
for food-based biofuels (which are not yet included in the calculation of the GHG emission
reduction), it becomes more challenging for food-based biofuels to meet the sustainability
criteria for biofuels. Based on the typical GHG emission reductions listed in Annex V and VI of
the RED-II proposal (without iLUC factors), the GHG emission reduction thresholds listed in the
iLUC Directive and RED-II proposal restrict the construction of new edible oil-based and starchbased plants and the import of food-based biofuels from 2016 onwards (except sugarcane
ethanol). Thirdly, food-based biofuels only contribute to the overall EU renewable energy target
in the RED-II proposal (i.e. they do not contribute to a sub-target or overall transport target). As
a result, food-based biofuels will need to compete with other forms of renewable energy.
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Given the poor market outlook for food-based biofuels in the EU, we assumed the consumption
of food-based biofuels to increase only marginally to 3.6% in 2021 (EU average). The model
was not able to further increase this share, as we prohibited the construction of new edible
oil-based and starch-based plants and the import of food-based biofuels from 2016 onwards,
based on the imposed GHG emission reduction thresholds. Under this assumption, food-based
biofuels can only be produced by existing capacity, new sugar beet-based ethanol capacity or
the import of sugarcane ethanol.
As mentioned above, from 2021 onwards, food-based biofuels are only incentivized by the
overall renewable energy target and need to compete with other forms of renewable energy.
As RESolve-Biomass includes only bioenergy options, we could not model this competition
explicitly. We therefore assumed that existing capacity retires after 20 years and lifetime
extension of existing edible oil-based and starch-based plants is not competitive with other
forms of renewable energy. On the other hand, we assumed that new sugar beet-based ethanol
plants and imported sugarcane-based imports are sufficiently incentivized by the RED-II. Given
the few options the model had left to produce food-based biofuels, only a gradual reduction
from 3.6% in 2021 to 1.4% by 2030 gave a feasible model solution.
In sum, the constructed demand profile of food-based biofuels was based on the maximum
share of food-based biofuels yielding a feasible model solution. The model solution was
particularly restricted by:
•

Assuming the typical GHG emission reductions listed in Annex V and VI is a proxy for system
performance, which restricts construction of edible oil-based and starch-based plants;

•

Assuming capacity retires after 20 years and lifetime extension is not competitive with other
forms of renewable energy.

The first assumption neglects the fact that GHG emission savings depend on the method used
and may deviate from actual emission reductions achieved by (future) technologies in different
contexts. For example, some studies show starch-based ethanol and oil crop-based biodiesel are
able to reach 70% GHG emission reduction. 24,63,291,439 However, various scholars have shown iLUC
emissions associated with food-based biofuels (especially for oil-crop based biodiesel) impede
achievement of the 70% GHG emission reduction threshold.45,304,306 The second assumption
highly depends on cost developments in renewable energy technologies.
Alleviating aforementioned restrictions would result in higher volumes of food-based biofuels,
provided food-based biofuels are able to compete with other renewable energy sources.
Moreover, the production of more food-based diesel substitutes may reduce the amount of
food-based ethanol (provided it is cheaper than ethanol, and consequently reduce the need
for (more expensive) drop-in alternatives (e.g. ATJ), which are currently introduced to breach the
E10 blend wall.
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The biomass categorization used in the figures and tables of this paper is listed in the table
below. The categorization is largely based on the categorization of Biomass Policies.408 Tall oil
was not included in the model. Instead, existing tall oil capacity in Sweden and Finland (10 PJ)
was deducted from the overall advanced biofuel targets.438
Table 6‑7: Biomass categorization.
Feedstock category

Feedstocks included

Import edible oils

Palm oil

Import food-based biofuel

Food-based biodiesel, bioethanol

Import lignocellulosic biofuel

Lignocellulosic ethanol

Import lignocellulosic biomass

Wood pellets

Import used fats and oils

Used fats and oils

Lignocellulosics

Energy crops

Miscanthus, perennials, reed canary grass, switchgrass

Woody biomass

Landscape care wood, Other industrial wood residues, Paper
cardboard, Post consumer wood, Primary forestry residues,
Prunings and pits from olives, Prunings from fruit trees, Saw dust,
Sawmill by-products,

Other residues

Leaf and beet top from sugar beet, Stover from grain maize, Straw
from cereals, Straw from rice, Stubbles from OSR and Rapeseed,
Verge grass

Lignocellulosic biomass (fuelwood)

Additional harvestable stemwood, Current fuelwood production
for bioenergy

Miscellaneous

Black liquor, Collected VFG, Organic waste from Industry

Oils and fats (Edible oils)

Rapeseed, Soy, Sunflower seed

Oils and fats (Used fats and oils)

Used fats and oils

Sugar and starch crops

Cereals, Forage Maize, Maize, Sugar beet

Waste (Manure and sludges)

Common sludges, Dry Manure, Wet manure

Waste (MSW and landfill)

Landfill and MSW

S6.3.2 Cost-supply curves
The cost for domestic biomass were obtained from Elbersen et al.408, who established feedstock
cost per type of biomass. Feedstock cost was based on market prices for biomass types which
are already traded (e.g. straw, types of wood chips, fire wood) and road-side costs for feedstock
for which the market is not yet developed (e.g. dedicated perennial crops for lignocellulosic
and woody biomass). The future prices were presented in real price levels without applying an
inflation correction. It was furthermore assumed that the costs decline by 10% between 2020
and 2030 because of technological learning and efficiency improvements.
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Figure 6‑18: Cost-supply curves for domestic and imported feedstocks.408–410
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Figure 6‑19: Cost-supply curves for imported biofuels.410

S6.3.3 Import products and regions
Imports were assumed to enter the EU market at the large harbors of Belgium, The Netherlands
and Germany.
Table 6‑8: Selected imported products from typical import regions
Product

Import region

Ref.

Used cooking oil

US, China, Indonesia (Argentina was excluded due to low potentials)

413

Food-based biodiesel

Argentina, Indonesia

410

Food-based ethanol

Brazil, Mozambique

410

Lignocellulosic ethanol

Brazil, Ukraine

410

Wood pellets

Russia (Northwest), US (Southeast), Canada (East), Brazil, Mozambique

410

Palm oil

Global (particularly southeast Asia)

411,412
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S6.4

Technologies

S6.4.1

Non-biofuel technology scope

In RESolve-Biomass, bio-based heat and power can be generated from solid and liquid biomass
(also pyrolysis oil) or biogas by co-firing with coal, dedicated boilers or combined heat and power
systems. A distinction is made between household scale installations and small-, medium- and
large-scale industrial applications. Lactic acid is co-produced with ethanol. Ethylene is produced
from ethanol. Methanol, BTX, SNG and hydrogen are produced using gasification of biomass.

S6.4.2 Yield distribution
The table below presents the yields for the biofuel technologies, based on the sources listed in
Table 6-1 of the main text.

D, G, HFO

Lignocellulosic
ethanol

Woody biomass

Woody biomass

Alcohol-to-Jet (ATJ)

Hydrothermal
liquefaction (HTL)

Pyrolysis

ii.

i.

0.56
0.56

D, G, HFO
D, G, HFO, HTL-RJF

Lignocellulosics

Fischer-Tropsch (FT)
0.55

DME, H, E

30%

75%

17%

54%

RJF

29%

8%

38%

9%

51%

67%

26%

91%

96-97%

D

58%

48%

48%

16%

G

14%

14%

14%

HFO

64%

100%

100%

EtOH

20%
20%
91%

12%
9%

100%

100%

20%

9%

3-4%

Otherii

12%

36%

H&E

D, G, HFO, Pyrolysis-RJF
0.50
7%
22%
58%
14%
B=Biogas, D=Renewable diesel, DME=Renewable Dimethyl Ether, E=Renewable electricity, EtOH=bioethanol, FAME=FAME biodiesel, G=Renewable
gasoline, Gl=Glycerine, H=Heat, HFO=Renewable heavy fuel oil, LNG= Renewable Liquefied natural gas, N=Renewable Naphtha, P=Renewable propane, and
RJF=Renewable jet fuel.
Other includes biogas, bioLNG, DME, naphtha, LPG, and glycerin.

0.50

0.89

0.45

D, E, N, FT-RJF
G, ATJ-RJF

0.45

D, E, N

0.92

LNG

Biogas from manure,
sludges and landfill

Biogas liquefaction

0.57-0.60

B

Manure and sludges,
landfill gas, and
organic waste

1.11

D, HEFA-RJF, P, N

Digestion and biogas
upgrading

1.09

0.39

0.55

0.88

1.07

GJproducts
GJfeed-1

Yield

D, P, N

EtOH, H, E

Lignocellulosics

Hydrotreated Esters and Oils and fats
Fatty Acids (HEFA)

EtOH
EtOH

Fermentation

FAME, Gl

Sugar

Oils and fats

Fatty Acid Methyl Ester
(FAME)

Main productsi

Starch

Feedstock

Technology

Table 6‑9: Yield distribution of selected technologies.
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76

Lignocellulosics
Lignocellulosics
Lignocellulosics
Lignocellulosics
Lignocellulosics
Forage maize,
organic waste from
Industry, verge grass

ATJ jet fuel

FT DME

FT diesel

FT jet fuel

FT HFO

Manure
VFG
Sludges
Landfill gas
Forage maize
Organic waste from
Industry
Verge grass
Manure
VFG
Sludges

LNGi

LNGi

LNGi

LNGi

Biogas

Biogas

Biogas

Biogas

LNG

94

Lignocellulosics

ATJ gasoline

i

Lignocellulosics

ATJ diesel

56

56

56

56

76

76

76

76

94

94

94

94

94

94

179%

50%

72%

50%

79%

163%

60%

77%

60%

93%

93%

93%

93%

73%

73%

73%

g CO2-eq MJ -1

Without iLUC

179%

50%

72%

50%

79%

163%

60%

77%

60%

93%

93%

93%

93%

73%

73%

73%

g CO2-eq MJ -1

With iLUC (mean
value)

GHG emission saving with
respect to fossil fuel comparator

Manure, open digestate

Biowaste, close digestate, no offgas combustion

Manure-Maize 30-70% close
digestate, no off-gas combustion.

Biowaste, close digestate, no offgas combustion

Municipal waste

Manure, open digestate

Biowaste, close digestate, no offgas combustion

Manure-Maize 30-70% close
digestate, no off-gas combustion.

Biowaste, close digestate, no offgas combustion

Average of waste and farmed wood

Corn stover ATJ

Proxy system

290

290

441

290

290

290

290

441

290

290

232,440

Ref.

|

g CO2-eq MJ -1

Fossil fuel
comparator

Feedstock

Product

Table 6‑10: Greenhouse gas emission performance of selected technologies.
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S6.4.3 Greenhouse gas emission performance

Used fats/oils
Used fats/oils
Lignocellulosics
Lignocellulosics
Lignocellulosics
Lignocellulosics
Lignocellulosics
Lignocellulosics
Lignocellulosics
Agricultural residues

HEFA diesel

HEFA jet fuel

HTL diesel

HTL gasoline

HTL jet fuel

Pyrolysis diesel

Pyrolysis gasoline

Pyrolysis HFO

Pyrolysis jet fuel

Lignocellulosics-based
Ethanol

94

94

94

94

94

94

94

94

94

94

56

90%

77%

77%

77%

77%

81%

81%

81%

77%

77%

74%

90%

77%

77%

77%

77%

81%

81%

81%

77%

77%

74%

232

232

In-situ hydrogen generation

In-situ hydrogen generation

290

290

290

Average of used cooking oil and
tallow

Wheat straw

290

Municipal waste

Lignocellulosics-based
Wood-based
94
78%
78%
Average of waste and farmed wood
Ethanol
i.
The biogas emission factors, corrected for the yield loss (8%), were used to calculate the emission factors for LNG.

Landfill gas

Biogas
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Transport segments and blend walls

Table 6‑11: Baseline constraints on biofuel usage in road, marine and aviation.
Product

Maximum blending percentage
by volume

Applicable to transport segment

100% (all modes)

Diesel cars only, busses and trucks

Road (busses, cars & trucks)
Renewable diesel

7% (all modes)

Diesel cars only, busses and trucks

100% (all modes)

Gasoline cars only

Bioethanoli

10% (cars)

Gasoline cars only

Biogas

30% (cars)ii

CSNG cars

Renewable DME

100% (trucks, cars, busses)

Diesel cars only, busses and trucks

Renewable Diesel

100%

All ships

FAME biodiesel

7%

All ships

Renewable heavy fuel oil

100%

HFO ships

Renewable LNG

100%

LNG ships

HEFA-RJF

50%

All aviation

FT-RJF

50%

All aviation

HTL-RJF

30%

All aviation

Pyrolysis-RJF

30%

All aviation

ATJ-RJF

50%

All aviation

FAME biodiesel

i

Renewable gasoline

Marine

Aviationiii

i.
ii.
iii.

In the baseline the use of biodiesel and ethanol at higher blending levels was excluded (B30, B100 and E85), based on
the limited market introduction of these high-blend fuels442 and flex-fuel vehicle sales443 in the EU.
Except Sweden, where 100% is allowed.
The blend level RJF is specific to the type of RJF and incorporated in the ASTM specification of the respective RJF
type. No specification exists yet for HTL-RJF, Pyrolysis-RJF and ethanol-based ATJ-RJF. The maximum blend levels were
therefore estimated based on expected blend levels.

S6.6

Price projections of fossil products

Figure 6‑20 shows the price projections of fossil fuels, chemicals and CO2. The projections of
crude oil, natural gas, coal and CO2 were obtained from the PRIMES reference 2016 scenario.415
The range in fossil fuel prices in Schoots & Hammingh444 was applied to the Primes reference
2016 prices. The projections of jet fuel, diesel, naphtha, gasoline, propane and heavy fuel oil
(HFO) were established relative to the oil price based on the average ratio (on energy basis and
without taxes and duties) in 2007-2017 (Table 6‑9).445–450 In some cases, time series of US prices
were used as European time series were not publicly available. The price of LNG was calculated
by adding the same liquefaction cost for bio-LNG to the price of natural gas. The marine gas oil
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(MGO) price was coupled to the HFO price by a factor 1.6.451 The price of chemicals was coupled
to the oil price or natural gas price (in case of hydrogen) as was done in S2Biom.407 The electricity
price was projected using the electricity market model COMPETES.407,432

6

Figure 6‑20: Price projections of reference fossil resource-based products and CO2.
Table 6‑12: Assumed price ratios of fossil products relative to crude oil (on energy basis, € GJ -1 product
per € GJ -1 oil).
Jet fuel

Gasoline

Diesel

Naphtha

HFO

Propane

10-year ratio

1.08

0.78

0.90

1.30

1.24

1.18

2-year ratio

1.10

0.78

0.81

1.29

1.37

1.31

7
synthesis of the main findings
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7.1	On the production costs of renewable jet fuel
The production costs of RJF were assessed based on the following research question:
What are the production costs of renewable jet fuels compared to fossil jet fuel in the
short (2020) and medium term (2030)?
The findings of the previous chapters with relation to this research question will be
discussed in the following sections.

RJFs likely remain more expensive than fossil jet fuel in the short and medium
term
Chapter 2 quantifies the minimum fuel selling price (MFSP) of different feedstocktechnology combinations (Figure 7‑1). The MFSP reflects the price at which RJF needs
to be sold to achieve a zero net present value. As the technology maturity level varies
between the assessed technologies (and hence also the timing of the construction of the
nth plant), the analysis used the Pioneer Plant method to estimate the production costs
for a first-of-a-kind (‘pioneer’) plant. This method, developed by RAND corporation,
employs two equations to describe the cost growth and the plant performance of a
pioneer plant relative to an nth plant as a function of nine process features (e.g. the
number of commercially unproven process areas).

Figure 7‑1: The minimum fuel selling price of various RJF conversion pathways for nth and pioneer plants
(Chapter 2). The fossil jet fuel price projection for 2030 was aligned with Chapter 6.
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Figure 7‑1 shows that none of the pathways assessed (pioneer and nth plant) can
produce RJF below historic or future (2030) fossil jet fuel prices. The MFSP of the current
benchmark for RJF, the HEFA technology based on used cooking oil (UCO), was quantified
at 30.3 and 29.3 € GJ-1 for a pioneer and nth plant, respectively. The production costs
of HEFA are highly dependent on feedstock prices, as feedstock costs represent 70%
of the overall MFSP. Although HTL and pyrolysis are relatively immature technologies,
they provide promising alternatives for HEFA; both technologies yield higher MFSPs for
a pioneer plant (40.9 € GJ-1 and 63.3 € GJ-1), but show lower or similar MFSP for nth plants
(21.8 € GJ-1 and 30.9 € GJ-1). The low MFSP for HTL and pyrolysis is caused by relatively
high conversion efficiencies and modest capital investment. The FT pathway yields a
moderate MFSP due to high capital investments. Biochemical pathways (i.e. ATJ and
DSHC) show relatively high MFSPs, because of lower conversion efficiencies and high
capital investment associated with lignocellulosic sugar extraction and fermentation.
The uncertainty in feedstock prices, capital investment and conversion efficiencies lead
to considerable ranges, especially for immature technologies for which assumptions
could not yet be validated with commercial plant data (e.g. HTL, pyrolysis, FT, ATJ,
DSHC). Nonetheless, the sensitivity analysis and literature survey conducted in Chapter
2 confirm that nth plant MFSPs of HEFA, HTL and pyrolysis are found on the lower end
of the cost spectrum.

Supply chain optimization can reduce production costs of RJFs
Besides the selection of the feedstock and conversion pathway, the production costs
of RJF are also affected by supply chain design and production location. Chapter 2
estimates cost reductions associated with two co-production strategies: co-location
and retro-fitting. Co-location involves installing a separate entity adjacent to an
existing facility. Retro-fitting installs a ‘bolt-on’ unit to the existing facility such that byproducts can be used for alternative purposes. In Chapter 2, a generalized inventory of
co-production benefits was developed, including reductions in labor costs (work force
may be shared), feedstock costs (feedstock may already be available on-site), local taxes
and capital expenditure (as land and facilities may be shared). The analysis shows that
a retro-fitting strategy with pulp mills based on black liquor gasification reduces the
MFSP of FT RJF by 20% for nth plants and 15% for pioneer plants. Co-location strategies
with pulp mills, beet sugar mills and wheat ethanol facilities across the EU were shown
to reduce the MFSP of RJF by 4-8% for nth plants and 5-8% for pioneer plants. The
analysis also shows wide RJF MFSP ranges exist within the EU; RJF production Eastern
Europe and Portugal reduces RJF MFSPs by 28%, while production in Scandinavia
increases RJF MFSPs by 39% (compared to the EU average). The observed differences
were largely caused by variation in feedstock prices and labor costs.

7

242

|

Chapter 7

Chapter 3 employs a cost optimization model to analyze the impact of and interrelation
between four cost reduction strategies for biofuel production: economies of scale,
intermodal transport networks, co-location with existing industries, and distributed
supply chain configurations (i.e. supply chains with an intermediate pre-treatment step
to reduce biomass transport cost). The investigated system produces middle-distillate
biofuels (including RJF) from forestry biomass using HTL, in the context of the existing
Swedish forest industry. Simultaneous implementation of all cost reduction strategies
yielded minimum biofuel production costs of 18.1 € GJ-1 for HTL RJF, which is lower
than the projected fossil jet fuel price for 2030 (Figure 7‑1). Minimum production costs
were achieved around production scales of 15 PJ yr-1 fuel output (17.9 PJ yr-1 feedstock
input). The cost increase sharply for lower production scales (by 39% for 1 PJ yr-1 fuel
output), but rise modestly for higher production scales as biomass transport distances
increase (<0.2% for 50 PJ yr-1 fuel output). Disabling co-location benefits with pulp
mills, sawmills, district heating systems and refineries increased production costs by
up to 10%. Restricting train and sea transport increased production costs by up to 6%.
Distributed supply chain configurations were introduced once biomass supply became
increasingly dispersed, but did not provide a significant cost benefit (<1%). Co-location
benefits were found to favor large-scale centralized production, while intermodal
transport networks positively affect the benefits of economies of scale.

Decreasing production costs and an increasing oil price could bring price parity
with fossil jet fuel within reach by 2030
Chapter 6 uses a European bioenergy model, RESolve-Biomass, to quantify the role
of RJF under the proposed EU Renewable Energy Directive II (RED-II) in 2021-2030.
RESolve-Biomass optimizes the feedstock-technology portfolio (based on total system
cost) to fulfill a certain demand for bio-based products. The model incorporates
technology maturity, technological learning and competing demand for biomass from
other bio-based power, heat, chemicals and transport fuels (road, marine and aviation).
The uncertainty regarding the biomass supply potential and competing demand for
biomass was captured in a high/low biomass supply scenario (HS/LS), combined with
a high/low biomass demand scenario (HD/LD) (see also section 7.3). The set-up of the
model allows the user to track the marginal production costs of RJFs in the various
scenarios over time (Figure 7‑2).
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Figure 7‑2: The development of the marginal costs of RJF and the fossil jet fuel price over time in RESolveBiomass (Chapter 6).

Figure 7‑2 confirms the results of Chapter 2; RJF production costs remain higher than
fossil jet fuel, although production costs can reduce over time. In all scenarios except
LSHD, the cost differential between RJF and fossil jet fuel decreases from roughly 40
€ GJ-1 in 2021 to 7-13 € GJ-1 by 2030. This drop relies on three factors: increasing oil
prices, the introduction of new technologies and technological learning, and the
availability of sufficient biomass. In these projections, fossil jet fuel prices increase by 9
€ GJ-1 during 2021-2030, under the assumption that oil demand in developing countries
grows, while production stabilizes outside the Organisation of Petroleum Exporting
Countries.415 Production costs fall due to the availability of novel technologies, cheaper
feedstocks and technological learning. The drop in production costs is a direct result
of the assumed regulatory context (the RED-II proposal), which contains dedicated
stimuli for RJF (enabling learning) and biofuel technologies based on lignocellosic
biomass (broadening the feedstock base and enabling learning). Learning effects
are mainly driven by scale-dependent learning and reduce conversion costs for HTL,
FT, ATJ and pyrolysis by 21-28% over the period 2021-2030. Increased biomass supply
in the HS scenarios broadens the feedstock base, reduces competition effects and
helps to contain system costs. The HD scenarios show slightly larger cost reductions
induced by market-driven learning (due to higher capacity deployment), but also
demonstrate higher feedstock costs due to increased competition for biomass. The
fierce competition for biomass in the LSHD scenario neutralizes all cost reductions from
technological learning.
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7.2	On the climate impact of renewable jet fuel
The climate impact of RJF was assessed based on the following research question:
What is the climate impact from CO2, CH4 and N2O emissions of renewable jet fuel
production systems compared to fossil jet fuel and how can it be improved?
The findings of the previous chapters with relation to this research question will be
discussed in the following sections.

RJF comes in different shades of green
Chapter 4 quantifies the well-to-wake life-cycle greenhouse gas (GHG) emissions of RJF
conversion pathways in a US context. The analysis did not include land use change
(LUC) emissions. The life-cycle GHG emissions were compared to the average emission
intensity for fossil jet fuel in the US (87.5 gCO2-eq MJ-1) and the -50% and -60% GHG
emission reduction threshold used in the US Renewable Fuel Standard (RFS2) for
advanced biofuels (including biofuels produced from all feedstocks except corn
starch) and lignocellulosic biomass-based biofuels.65 The proposed thresholds in the
EU Renewable Energy Directive (RED-II) proposal, inserted for comparison, require a
GHG reduction of -60% and -70% for installations commencing production from 2015
and 2021 onwards, relative to a fossil fuel comparator of 94 g CO2-eq MJ-1.68
Figure 7‑3 shows that the life-cycle GHG emissions of the investigated pathways range
between 6 g CO2-eq MJ-1 for FT based on forestry residues and 72 g CO2-eq MJ-1 for
sugarcane-based DSHC producing a RJF which can be blended at higher levels than
the conventional DSHC RJF (using additional hydrogen). The current benchmark for RJF,
the UCO-based HEFA RJF, yields a GHG emission reduction of 69% compared fossil jet
fuel (US average). The majority of pathways comply with the most stringent emission
reduction thresholds of the US RFS2 and the proposed EU RED-II. Pathways based on
food crops generally show higher GHG emissions than pathways based on residues and
lignocellulosic crops, because of high emissions related to fertilizer use. Furthermore,
hydrogen (produced from natural gas) is often a major contributor to the life-cycle GHG
emissions of RJFs, especially for pyrolysis and HTL (using ex-situ hydrogen generation),
HEFA, and DSHC. FT shows low GHG emissions as the process does not require external
hydrogen and produces excess electricity. DSHC shows the highest GHG footprint due
to a relatively low conversion efficiency and high hydrogen consumption.
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Figure 7‑3: Life-cycle greenhouse gas performance of various RJF conversion pathways using energy
allocation (Chapter 4).

The production context can make or break the climate change mitigation value
of RJF
The impact of LUC emissions, carbon debt and foregone sequestrationta on the overall
climate impact of RJF can be significant, and may in some cases exceed the impact
of life-cycle emissions. These effects are generally time- and context-dependent. The
Relative Climate Impact (RCI) performance indicator was introduced in Chapter 5 to
capture the full range of emissions associated with RJF production. The RCI quantifies
the net climate impact of a production system over time relative to a fossil baseline, i.e.
an RCI of -0.5 indicates a 50% climate impact reduction relative to a fossil baseline. The
RCI formulation offers the flexibility to analyze and compare system performance for
different analytical time horizons (THA) and climate impact categories (e.g. cumulative
GHG emissions, radiative forcing and temperature change). A collateral benefit of
the RCI formulation is that it is relatively robust to uncertainties associated with
modeling radiative forcing and temperature change.37,56 The RCI was used to show
how the production context can alter the climate impact of a feedstock-technology
combination.
t
Foregone sequestration entails the future sequestration that would have occurred in the intended biomass
production area if no bioenergy was produced.
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Figure 7‑4: The relative climate impact of the ATJ sugarcane and FT downed woody debris pathway, for
varying system contexts (Chapter 5).

Figure 7‑4 shows the RCI for cumulative emissions (RCIEm,cum) for two stylized conversion
pathways producing RJF: the ATJ-sugarcane (ATJ-SC) and FT-downed woody debris
(FT-DWD) systems. The feedstock-technology combinations used in these systems
are equal to the ATJ (sugarcane) and FT (forestry residues) discussed in the previous
section (Figure 7‑3), but the scope of emission fluxes and the production context is
different. The ATJ-SC, ATJ-SC-95th and ATJ-SC-5th systems assume sugarcane production
on Brazilian cerrado soils with mean, high and low carbon stocks, respectively. As the
conversion of these soils instigates varying quantities of LUC emissions, a profound
difference exists between sugarcane production on low-carbon or high-carbon
cerrado. The cumulative emissions of the ATJ-SC-5th are 4% and 33% lower than the
fossil baseline after 50 and 100 years, while the cumulative emissions of the ATJ-SC-95th
system are 142% and 43% higher after 50 and 100 years. In the ATJ-SC-LUCPrevention
system, sugarcane cultivation for bioenergy purposes is accompanied by measures to
increase agricultural yields, such that sugarcane is produced on existing agricultural
land and LUC emissions are prevented. RJF produced in this context reduces cumulative
emissions by 75% from the onset of production.
The FT-DWD system represents a production context in which downed woody debris
(DWD) is extracted from the forest to produce biofuels. In the counterfactual scenario
(i.e. a scenario in which no bioenergy is produced) the DWD was left to decay. The
production and combustion of biofuels immediately releases the carbon stored in the
DWD, which causes a carbon debt relative to the counterfactual scenario in which carbon
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is slowly released during the decay of the DWD. The FT-DWD, FT-DWD-HighDecay, FTDWD-LowDecay systems use DWD from tree species with moderate, high and low
decay rates. These systems create a different amount of carbon debt, as shown by the
spread in RCIEm,cum, which varies between -0.57 and 0.17 at THA=50 years and -0.85 and
-0.28 at THA=100 years. The FT-DWD-CFBurn system describes a production context in
which the DWD would be burnt in the forest if it were not converted to biofuels (e.g. to
prevent forest fires), which does not lead to a carbon debt because the carbon is also
released immediately. This production context shows a 116% reduction in cumulative
emissions.
These examples intend to illustrate that the climate impact of RJF does not depend
solely on its life-cycle emissions, but also on the (feedstock) production context as some
contexts can avoid or cause LUC emissions, carbon debt or foregone sequestration.
A site-specific inventory of all emission fluxes related to a production context is
encouraged to aid the selection of conversion pathways and production contexts
which consistently show a climate benefit, such as the ATJ-SC-LUCPrevention and FTDWD-CFBurn systems. The following section also discusses means to actively shape
the right production context for RJF production.

The climate impact of RJF can be reduced by improving conversion pathways
and shaping the right production context
Chapter 4 shows that the use of hydrogen produced from biomass or by electrolysis
using renewable electricity can reduce the life-cycle GHG emissions. This particularly
applies to hydrogen-intensive pathways such as pyrolysis (ex-situ hydrogen generation)
(-71%), HTL (ex-situ hydrogen generation) (-48%), DSHC (-20%/-30%) and UCO-based
HEFA (-34%). The application of carbon capture and storage (CCS) can achieve even
higher life-cycle emissions reductions for some technologies; in Chapter 5 it is
calculated that CCS reduces life-cycle emissions of FT and ATJ RJF by 108 and 27 gCO2
MJ-1, which means that RJF production with CCS can yield net negative GHG emissions.
Improving feedstock yields and conversion efficiencies can mitigate the contribution
of LUC emissions, carbon debt and foregone sequestration. Moreover, the net GHG
emission reduction achieved by RJF will grow with increasing emission intensity of
fossil jet fuel, driven by the trend towards the utilization of more heavy and sour (high
sulfur) crude oil types.42,328
The risk of LUC emissions, carbon debt or foregone sequestration can be (partially)
mitigated by shaping the right production context. Direct LUC emissions can be avoided
by using feedstocks which do not require land (e.g. residues or CO2) or can be reduced
by producing bioenergy feedstocks on low carbon stock soils. For example, the UCO-
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based HEFA system investigated in Chapter 5 produces RJF, which reduces all climate
impact categories by 77%. The risk of indirect LUC emissions and carbon debt can
be mitigated by supplementing bioenergy production with efforts to optimize land/
forest management, improve agricultural yields, increase supply chain efficiencies, and
integrate bioenergy, food and feed production. 304,380–384 The Shared Socio-economic
Pathways 1 (SSP 1) scenario represents such a storyline, in which increased land use for
biomass production increases is supplemented with a reduction in land use for food
production caused by agricultural yield improvements, changing food consumption
patterns and low population growth. 385 Furthermore, production contexts in which the
counterfactual scenario yields immediate or additional climate impacts can yield low
RCI values (e.g. the FT-DWD-CFBurn system).

Value judgments in environmental (and techno-economic) analysis are
inevitable and may affect the results
An inter-study comparison of the environmental and techno-economic performance of
conversion pathways is a delicate exercise, due to diverging methods, input data, and
temporal and geographical scope. To facilitate a fair comparison between RJF pathways,
Chapter 2 and 4 assess the techno-economic and environmental performance using
a harmonized method and quantify the impact of input data variability in sensitivity
analyses. However, value judgments regarding the selected allocation method and
performance indicator remain inevitable and can affect the observed performance of
RJF production systems and their relative merit order.
As most technologies produce RJF as part of a product slate, some form of allocation is
required to distribute the environmental and economic burden among RJF and its coproducts. The burden can be allocated according to their energy, mass and economic
value. Alternatively, system expansion (the displacement method) awards a credit to coproducts based on the yield of the co-product and its GHG emission intensity or market
price. There is no scientific consensus on the most appropriate allocation method for
bioenergy LCAs, as each procedure has benefits and drawbacks. Chapter 4 shows that
the allocation procedure affects the absolute and relative GHG emission reduction of
production systems, particularly those producing large quantities of co-products. For
example, the WtWa GHG emissions of FT and corn stover-based ATJ pathways shown
in Figure 7‑3 fall by 9 and 13 g CO2-eq MJ-1 when allocating the co-produced electricity
using the displacement method. This implies the former pathway yields negative wellto-wake GHG emissions and the latter meets a more stringent emission reduction
threshold.
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The appropriateness of an allocation method varies with the assessment context.
For example, in an international regulatory context (e.g. quantifying the emission
reductions from RJF in CORSIA), Chapter 4 recommends using energy and economic
allocation (for non-energy co-products), as it leverages the universal character of
energy allocation while adequately valuing non-energy co-products. For the economic
analysis in Chapter 2, economic allocation was selected for fuel co-products (e.g. diesel),
as it is more robust than system expansion to variability in the share of RJF in the overall
product slate.49 System expansion would have imposed an excessive burden on the
price of RJF, as it generally uses market prices for co-products which tend to be (much)
lower than the price calculated using other allocation procedures.
Furthermore, RJF production systems demonstrate different emission profiles in terms
of emissions timing and species. Chapter 5 shows that the choice of impact category and
analytical time horizon, which are essentially value judgments, can significantly affect
the absolute and relative performance of RJF production systems, because it alters
the importance of one-time versus sustained emission fluxes and short- versus longlived climate forcers. Systems associated with LUC emissions show a high emission flux
initially (e.g. ATJ-SC), while systems associated with foregone sequestration or carbon
debt generally exhibit a more constant emission profile over time (e.g. FT-DWD) (Figure
7‑4). Similarly, crop-based systems often have a larger contribution of short-lived GHG
species (CH4 and N2O) than systems based on residues due to higher fertilizer use.
The evaluation of systems using short analytical time horizons would hence benefit
systems associated with carbon debt relative to systems associated with LUC emissions.
Similarly, Chapter 5 shows that instantaneous and rapidly responding impact categories
(i.e. instantaneous radiative forcing) apply less weighting to large initial emission
fluxes associated with LUC, compared to cumulative and slowly responding impact
categories (e.g. cumulative temperature change). The climate impact of (bioenergy)
systems should thus ideally be compared using different impact categories and time
horizons, which are chosen based on the research or policy objectives, especially when
the comparison involves systems with time-dependent emission profiles.

7.3	On the future supply of renewable jet fuel
The future supply of RJF within the EU was assessed based on the following research
question:
What is the contribution of renewable jet fuel to reducing aviation-related
greenhouse gas emissions in the European Union towards 2030 and how is its
contribution affected by policy incentives, technological progress, biomass supply
and competing biomass demand?
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The findings discussed in this section largely draw upon Chapter 6, which uses a cost
optimization model (RESolve-Biomass) to project RJF consumption in the EU, based on
the anticipated regulatory context in the EU, the availability of biomass and conversion
technologies, and competition for biomass from other bio-based sectors. The study
evaluated four base scenarios combining a high/low biomass supply scenario (HS/LS)
and high/low biomass demand scenario (HD/LD). The high biomass supply scenario
assumes more support to mobilize intra-EU biomass and potentials of imported
biomass, particularly of UCO. The high biomass demand scenario assumes increased
use of biomass in the heat, electricity, and chemicals sector. It also assumes lower use
of renewable electricity in road transport, which implies a larger share of the renewable
fuel target needs to be covered by biofuels. Food-based RJFs were excluded from
the model scope, corresponding with the sustainability commitment of the airline
members of SAFUG. Import of RJF to the EU was also excluded from the model scope.

RJF consumption could increase to 165-261 PJ (3.8-6.1Mt) in the EU by 2030
The biomass supply-demand scenarios project that RJF consumption in the EU increases
from 1 PJ in 2021 to 165-261 PJ (3.8-6.1 Mt) by 2030 (Figure 7‑5). This represents 6-9%
of total jet fuel consumption at EU airports and 24-33% of total biofuel consumption
in the EU by 2030. These results highly depend on the presence of biofuel targets
and a multiplier mechanism for RJF as embedded in the RED-II proposal68 and a the
commercialization of technologies able to unlock cheaper and more abundant supplies
of lignocellulosic biomass, such as ATJ, FT, HTL and pyrolysis. These technologies were
assumed to be commercially available by 2020, 2020, 2023 and 2025, respectively,
based on their Fuel Readiness Level (Figure 1‑4).
By 2030, 109-213 PJ yr-1 (2.5-4.9 Mt yr-1) RJF is produced from lignocellulosic biomass using
technologies which are currently not yet commercialized. RJF based on lignocellulosic
biomass is initially produced using FT and ATJ technologies driven by sub-targets for
advanced biofuels, while pyrolysis and HTL are added to the technology portfolio upon
commercialization. The introduction of new technologies is essential to increase RJF
volumes, because the potential of HEFA is constrained by the supply of sustainable oils
and fats. Furthermore, the growth of HEFA RJF volumes occurs mainly at the expense
of the supply of HEFA diesel to road transport.
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Figure 7‑5: Projected RJF consumption in the EU for 2021-2030, total volumes and disaggregated by
conversion technology (Chapter 6).

The supply of and demand for biomass affects overall RJF volumes and system costs
(see next section). RJF volumes are positively affected by high supply of UCO and animal
fats (HSLD and HSLD) and high demand for advanced biofuels, of which RJF is often a
co-product (LSHD and HSHD). Total biomass use increases from 5.4 EJ in 2021 to 5.6 EJ
in LD scenarios and 6.9-7.3 EJ in HD scenarios by 2030. RJF is mainly produced from
UCO and animal fats, agricultural residues (e.g., straw from cereals and corn stover),
and forestry residues (i.e. black liquor, sawmill by-products, primary forest residues,
industrial wood residues and landscape care wood).
When the multiplier is removed (RJF multiplier: 1), projected RJF consumption for 2030
drops to 62 PJ yr-1. Furthermore, the production of HEFA RJF is no longer attractive
as the production of HEFA RJF incurs additional cost relative to producing only HEFA
diesel, due to lower middle-distillate yield and more stringent upgrading requirements.
Projected RJF consumption for 2030 increases to 237 PJ yr-1 when the multiplier is
increased (RJF multiplier: 2), since a higher multiplier provides an additional incentive
for RJF and increasingly shields RJF development from market volatilities.
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Expedited technology commercialization and increased technological learning (High
technology development) is shown to accelerate the pace of RJF uptake and reduce RJF
costs significantly (the cost differential almost dissolves towards 2030). It also leads to a
more diverse feedstock-technology portfolio, which reduces the pressure on biomass
resources with limited availability and/or high costs (e.g. UCO and biomass imports)
and relatively expensive conversion technologies (e.g. ATJ). Conversely, a scenario with
lower technology development rates than the base scenarios could not be solved by
the model, underlining the fact that technology development is a strong prerequisite
for meeting the proposed RED-II biofuel targets.

RJF could reduce annual combustion emissions in aviation by 12-19 Mt CO2-eq
yr-1 in the EU by 2030, offsetting 53-84% of projected emission growth
The introduction of RJF reduces annual aviation-related combustion emissions in the
EU by 12-19 Mt CO2-eq yr-1.ua This would offset 53-84% of projected emission growth of
the sector by 2030. The remaining emission reductions (3.6-10 Mt CO2-eq yr-1) should be
covered by purchasing offsets through the CORSIA mechanism if the sector is to reach
its emission target of carbon-neutral growth after 2020. Emission reductions increase
with the consumption of RJF, which depends on the size of policy incentives, the pace of
technology development, biomass supply and biomass demand (see previous section).
The introduction of RJF leads to a life-cycle GHG emission reduction of 12-18 Mt CO2eq yr-1 by 2030. The average life-cycle GHG emission reduction of the RJF portfolio
equals 77-79% compared to fossil jet fuel, which is largely driven by the high share
of RJF based on lignocellulosic biomass and the exclusion of food-based biofuels.
This assessment does not quantify the impacts of LUC, carbon debt and foregone
sequestration. Emissions associated with land conversion (foregone sequestration and
direct LUC emissions) are, however, likely low because RJF is mainly produced from
residual biomass, such as UCO, forestry residues and agricultural residues. The carbon
debt associated with primary forestry residues has not been quantified, but can delay
the climate change mitigation effect depending on the tree species and counterfactual
scenario (Chapter 5). The biomass supply scenarios used in this analysis rely on biomass
potentials which include maximum extraction rates for agricultural and forestry
residues to mitigate the risk of soil organic carbon loss. Furthermore, biomass used
for conventional known competitive uses was deducted from the supply potentials
to avoid indirect LUC emissions which may occur when residues are diverted from an
u
CO2 emissions from the combustion of RJF was assumed to be zero, in line with the IPCC Guidelines for National
Greenhouse Gas Inventories emissions from biofuels.423 Life-cycle emission reductions per fuel type (without iLUC factors)
were derived from typical GHG emission savings reported in Annex V and VI of the RED-II proposal 68, supplemented with
data from Edwards et al. 290 and De Jong et al. 232
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original use for bioenergy purposes. The exception includes the UCO import potential
from Indonesia, China and the US in the HS scenarios, which are based on the current
collectable potential (165 PJ) instead of the low indirect LUC potential used in the LS
scenarios (44 PJ).77 Consequently, approximately 60 PJ of RJF in the HS scenarios (total
RJF use: 198-223 PJ) contains a risk of indirect LUC emissions, as using the additional
UCO can lead to substitution effects. A large share (97 PJ) of the difference between of
the collectable and low indirect LUC potential arises from UCO that is allegedly used for
human consumption in China; diversion of this feedstock stream to bioenergy would
likely instigate a growing demand of vegetable oils (potentially causing LUC emissions),
but would also reduce the health threat associated with UCO consumption.77

A declining cost differential allows RJF consumption to grow while total cost
stabilize
Most scenarios show a decline in the marginal cost differential between RJF and fossil
jet fuel (Figure 7‑6), due to increasing fossil jet fuel prices, the availability of novel
technologies, cheaper feedstocks, and technological learning (see section 7.1). In the
LD scenarios, this reduction allows the RJF volume to double while annual additional
costs stabilize during 2027-2030. Despite slightly larger conversion cost reductions
induced by market-driven learning (due to higher deployment) in the HD scenarios,
total additional costs increase because of higher competition for biomass, high reliance
on (more expensive) imports and high RJF production volumes, which implies that the

Figure 7‑6: Total additional cost of RJF use and the marginal cost difference between RJF and fossil jet fuel
(Chapter 6). All scenarios use the same fossil jet fuel price development.
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model needs to move higher up the RJF cost-supply curve.
The cumulative additional costs for the base scenarios (except LSHD) vary between
€7.7-11 billion over 2021-2030, which translates to an average cost differential of 11-16
€ GJ-1 RJF (491-682 € t-1). The average CO2 abatement cost of RJF are high (160-222 €
t-1 CO2) compared to projected CO2 prices and other bioenergy options.334 The results
for LSHD by 2030 were excluded from Figure 7‑6, as they were an order of magnitude
higher than the other scenarios, indicating the model requires very expensive (and
unrealistic) solutions to fulfil the bioenergy demand due to the high strain on biomass
supply.
RJF consumption and annual additional cost can be effectively decoupled by
accelerating technology development. Whereas the RJF volumes of the LSLD scenario
and High technology development case are comparable over time, the latter case shows
declining annual cost from 2027 onwards. This decline is largely driven by dramatic
cost reductions because of technological learning, reduced biomass/biofuel imports
and a more diverse feedstock-technology portfolio. The lowest costs per unit RJF are
achieved by the case with the lowest RJF volumes (Multiplier: 1), because only the
cheapest options in the RJF cost-supply curve enter the model solution. The highest
costs are achieved by the Multiplier: 2 case, as a higher multiplier allows more expensive
RJF types into the model solution.

It costs a few Euros per departing passenger to achieve carbon-neutral growth
with RJF and carbon offsets
Figure 7‑7 shows the cost of two mitigation strategies to achieve carbon-neutral growth
between 2021-2030. The first is solely based on carbon offsets; the second combines
RJF and carbon offsets. The figure is based on RJF consumption and costs as projected
in the LSLD scenario. The baseline projection assumes CO2 prices increase from 9 € t-1 in
2021 to 27 € t-1 by 2030, while the high price projections assumes CO2 prices grow from
41 € t-1 in 2021 to 80 € t-1 by 2030.337,415
The cumulative cost of the mitigation strategy with RJF are 3.4-4.5 higher than without
RJF (1.5-1.9 using high CO2 price projections). However, the difference between both
strategies reduces over time as the cost differential of RJF decreases and the carbon
price increases. Moreover, the costs of the mitigation strategy including RJF stabilize
over time, while the costs of a mitigation strategy solely based on carbon offsets grow
as the price of carbon offsets increases. The RED-II proposal essentially allocates the
cost burden of RJF to the road transport sector (aviation is not an obligated party),
which is of the order of 0.24-0.37 €-cents per liter (averaged over 2021-2030). If the
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Figure 7‑7: Emission mitigation costs of the EU aviation sector to achieve carbon-neutral growth (based on
LSLD scenario). The baseline CO2 price grows from 9 € t-1 in 2021 to 27 € t-1 by 2030.415 The high CO2 supplement
assumes a CO2 price, which increases from 41 € t-1 in 2021 to 80 € t-1 by 2030 (1 $=1 €).337

cost burden of RJF was allocated to aviation instead, the average cost per departing
passenger equals €0.85-1.1, €1.0-1.4 or €3.9-5.1 per passenger departing on all, intra-EU
or domestic flight, respectively.va

In a mandated biofuel market, the development of RJF goes at the expense of
biofuel use in other transport sectors
As the biofuel market in the EU largely exists by the grace of the biofuel targets
established by the RED-I and RED-II, the targets determine the total amount of
biofuels supplied to the market. This implies that the increase of RJF consumption
goes at the expense of biofuels supplied to other sectors. Whereas the road transport
sector currently accounts for the vast majority of biofuel consumption, the multiplier
mechanism for aviation and marine biofuels increases the share of biofuel supplied to
these sectors to approximately 60% of total EU biofuel supply by 2030. This also implies
that GHG emission reductions from biofuels also shift from the road transport sector to
the aviation and marine sector.
Moreover, the multiplier incentive slightly reduces the total GHG emission reduction in
the transport sector from biofuel as less biofuel is needed to achieve the same target;
a multiplier of 1, 1.2 and 2 for RJF lead to lower overall GHG emission reductions of 51,
49, and 36 Mt CO2-eq yr-1 by 2030, compared to 46 Mt CO2-eq yr-1 in 2021. These figures
exclude GHG emission reductions from renewable electricity use in road transport,
which increase from 5 Mt CO2-eq yr-1 in 2021 to 7-11 Mt CO2-eq yr-1. Chapter 6 also
v
Data on annual departures in the EU were obtained from Eurostat458 and were extrapolated to 2030 using industrial
growth rates used in Chapter 6.
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explored elevated biofuel targets as a solution to this issue. However, an increase in
biofuel consumption combined with ambitious targets for advanced biofuels puts the
cost and feasibility of target compliance at risk; for instance, an increment of 29% in
biofuel consumption leads to a reduction of 64 Mt CO2-eq yr-1, but also significantly
increases extra-EU imports of biomass and biofuels, system costs, and marginal costs
due to higher pressure on the system. Moreover, it requires persistently high growth
rates of biofuel production capacity based on lignocellulosic biomass (46% yr-1 on
average over 2021-2030), as this case could only be solved by the model using the
assumptions from the High technology development case.
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8.1	Executive summary
In 2010, the global aviation industry emitted 743 Mt CO2-eq yr-1, which represented
approximately 1.5% of total anthropogenic greenhouse gas (GHG) emissions. While
aviation-related GHG emissions are projected to increase 3.6- to 6.2-fold between 2010
and 2050 due to rapid sectoral growth, global GHG emissions should reduce by 40-70%
during the same period to realize the ambition to limit global average temperature
increase to well below 2 °C, as agreed upon in the Paris Agreement. Renewable jet
fuel (RJF) produced from biomass is regarded as one of the main options to reduce
GHG emissions in the aviation industry in the coming decades. However, current
consumption of RJF is negligible, which is mainly caused by high production costs and
low oil prices.
This thesis addresses the production costs, climate impact and future supply of RJF.
Chapters 2-5 quantify the production cost and climate impact for a wide range of RJF
production systems, including Hydroprocessed Esters and Fatty Acids (HEFA), FischerTropsch (FT), pyrolysis, hydrothermal liquefaction (HTL), Alcohol-to-Jet (ATJ) and Direct
Sugars to Hydrocarbons (DSHC). The findings of these chapters were integrated into
a bioenergy systems model in Chapter 6 to assess the future supply of RJF and the
associated GHG emission reductions in the aviation industry in the EU towards 2030.
The production costs of RJF conversion pathways likely remain higher than fossil jet
fuel in the short (2020) and medium term (2030), although decreasing production costs
and increasing oil prices could bring price parity with fossil jet fuel within reach by 2030.
The production costs of the current benchmark for RJF, the HEFA technology based on
used cooking oil, was quantified at 30.3 € GJ-1 (1303 € t-1), which is 2.8 times higher than
the average jet fuel price in 2017.452 The cost differential between fossil jet fuel and
RJFs was projected to decrease to 7-13 € GJ -1 by 2030, due to increasing oil prices, the
commercialization of novel conversion technologies (particularly pyrolysis and HTL),
access to cheaper feedstocks, and technological learning through the deployment
of additional biofuel production capacity. Optimized supply chain design and coproduction strategies with existing industries (e.g. pulp and paper mills, refineries)
were shown to potentially reduce production costs of RJF by up to 20%.
The climate impact of RJF from CO2, CH4 and N2O emissions varies between conversion
pathways and production contexts, but can be significantly lower than fossil jet fuel.
Life-cycle GHG emission reductions for the investigated RJF pathways varied between
18% for DSHC and 94% for FT pathways. The majority of investigated conversion
pathways reduce life-cycle GHG emissions by more than 70%. Pathways based on
food crops generally show higher life-cycle GHG emissions than pathways based on
residues and lignocellulosic crops, because of N2O emissions related to fertilizer use.
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Hydrogen use is often a major contributor to life-cycle GHG emissions, especially for
pyrolysis, HTL, DSHC and HEFA. Land use change emissions, carbon debt and foregone
sequestration can exceed life-cycle emissions and may delay, limit or even eliminate
the climate change mitigation value of RJF. The risk of these emission fluxes can be
mitigated by carefully shaping the right production context. For example, the risk of
indirect land use change emissions and carbon debt can be mitigated by supplementing
bioenergy production with efforts to optimize land/forest management, improve
agricultural yields, increase supply chain efficiencies, and integrate bioenergy, food
and feed production. Improved conversion efficiencies, higher feedstock yields and the
application of carbon capture and storage help to further reduce the climate impact of
RJFs. Moreover, the climate impact reduction of RJF increases when the trend towards
the utilization of more heavy and sour (high sulfur) crude oil types pursues.
The future supply of RJF and the associated GHG emission reductions depend on
policy incentives, the pace of technology development, and biomass supply and
demand. Based on the anticipated regulatory context in the EU between 2021-2030,
RJF supply could increase to 165-261 PJ yr-1 (3.8-6.1 Mt yr-1) in the EU by 2030, covering
6-9% of total jet fuel consumption at EU airports. Model results show that RJF is initially
produced using the HEFA technology, while FT, ATJ, pyrolysis and HTL are added to
the technology portfolio upon commercialization. The introduction of RJF reduces
aviation-related combustion emissions by 12-19 Mt CO2-eq yr-1 in the EU by 2030,
offsetting 53-84% of projected emission growth by 2030 (Figure 8‑1). The produced
RJF shows average life-cycle emission reductions of 78-80% compared to fossil jet
fuel. Emissions from land use change, foregone sequestration and carbon debt are not
included in this estimate, but the risks are at least partially mitigated because RJF is
mainly produced from residual biomass, including used cooking oil and animal fats,
agricultural residues and forestry residues. The associated cumulative costs over 20212030 were estimated at €7.7-11 billion, which translates to approximately 11-16 € GJ -1
RJF (491-682 € t-1), 160-222 € t-1 CO2 abated, or 1.0-1.4 € per departing passenger on
intra-EU flights. These scenario projections mainly depend on policy incentives (based
on the 2016 Renewable Energy Directive II (RED-II) proposal) and the availability of new
conversion technologies. Efforts to expedite technology development, particularly
of technologies able to convert lignocellulosic biomass, reduce production costs and
increase RJF supply by unlocking cheaper and more abundant biomass feedstocks.
High biomass supply, particularly of used cooking oil, helps to contain production costs.
Higher demand for biofuels boosts RJF consumption, but also increases production
costs due to fiercer competition for biomass and higher reliance on imports of biomass
and biofuels.
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Figure 8‑1: Projection of combustion emissions from EU aviation with the contribution of RJF, based on the
LSLD scenario (Chapter 6), with an extrapolation of emission reductions from RJF post-2030.

8.2

Green Horizons? – That depends on a set of pre-conditions

This thesis finds that the introduction of RJF can reduce the climate impact of the
aviation industry in the coming decade, provided a set of crucial pre-conditions are
met:
1

Pre-condition 1: Focus on RJFs which show robust climate impact reductions

Robust climate impact reductions lay at the core of the rationale for RJF and are essential
for the public acceptance of RJF. While the sustainability criteria in current policy
frameworks are largely based on a static characterization of the life-cycle emissions
of feedstock-technology combinations, the importance of time-dependent emission
fluxes requires evaluators to move towards a time-dependent characterization of
the full bioenergy production context. This time-dependent characterization should
include carbon debt, foregone sequestrations, (in)direct land use change emissions,
and time-dependent parameters such as yield improvements or carbon intensities of
fossil products. The Relative Climate Impact (RCI) performance indicator introduced in
Chapter 5 provides an approach to incorporate time-dependent emissions and define
climate impact reduction thresholds based on a temporal dimension and the climate
impact of choice (e.g. GHG emissions, radiative forcing, temperature change).
There is no silver bullet for sustainable production of RJF in terms of feedstocktechnology combination, as the production context can make or break the climate
impact of RJF. Life-cycle emissions of RJF can be reduced by using renewable
hydrogen or applying carbon capture and storage. The risk of LUC emissions, carbon
debt or foregone sequestration can be (partially) mitigated by using residual biomass
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and shaping the right production context. Systems with high feedstock yields and
conversion efficiencies can mitigate the contribution of LUC emissions, carbon debt
and foregone sequestration. Furthermore, an integrated vision on bioenergy, food
and feed production can help to optimize land use and avoid LUC emissions from
crop-based biomass. Chapter 5 identifies several examples of RJF production contexts
showing consistent climate impact reductions, for instance HEFA based on used
cooking oil (provided substitution effects are avoided), FT based on forestry residues
(provided forestry residues would otherwise be burnt in the forest), and ATJ based on
sugarcane (provided sugarcane production is accompanied by measures to prevent
indirect LUC emissions, e.g. by increasing agricultural yields).
2

Pre-condition 2: Support the development of new conversion technologies

The aforementioned RJF volumes (3.8-6.1 Mt RJF yr-1) and associated emission
reductions (12-19 Mt CO2-eq yr-1) by 2030 require average annual growth rates of RJF
production capacity ranging between 73-82% yr-1 during 2021-2030. These growth
rates are much higher than the average growth rate in biofuel production in the EU (10%
yr-1) and the United States (13% yr-1) during 2006-2016.72 Furthermore, Figure 8‑1 shows
that sustained growth rates between 10% and 15% are required after 2030 to reduce
aviation-related GHG emissions with 50% by 2050. The HEFA technology is currently
the only commercially available option for RJF production, but its supply potential
is constrained by the supply of sustainable oils and fats and competition from other
sectors. Model calculations project that 59-82% of total RJF consumption is supplied
by technologies which are not commercialized today (e.g. HTL, pyrolysis, FT, ATJ). The
technology readiness of FT and ATJ suggests that these technologies could supply
RJF at commercial scale in the short term, while pyrolysis and HTL show promising
economic and environmental performance in the medium term. The DSHC technology
shows less promising production costs and life-cycle GHG emissions, particularly due
to a low conversion efficiency.
The commercialization of these technologies unlocks more abundant and cheaper
(lignocellulosic) biomass feedstocks, which is essential to increase RJF volumes and
contain the costs. Furthermore, the development of a diverse feedstock-technology
portfolio reduces pressure on particular feedstock types, which is important to avoid
elevated feedstock prices and adverse sustainability impacts such as indirect land use
change emissions from substitution effects. Early support is important, especially given
the growing urgency of emission reductions and the time and resources it takes to
commercialize technologies and obtain ASTM certification. A significant reduction in
RJF production costs is possible by 2030 and beyond, provided technology developers
are facilitated to gain experience and production systems reach larger scales. At the
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same time, a long-term strategic vision is required to realize sustained and sustainable
growth of RJF volumes beyond 2030.
3	Pre-condition 3: Create a structural financing mechanism to cover the cost
differential between RJF and fossil jet fuel
The production costs of RJF are projected to decrease towards 2030, but remain higher
than fossil jet fuel. A stable financing mechanism for RJF will increase the demand for
RJF and justify investments to increase the supply of RJF. The cumulative funds required
to cover the price gap were estimated at €7.7-11 billion over 2021-2030 to achieve
3.8-6.1 Mt RJF yr-1 in the EU by 2030. In these scenarios, the cost premium of RJF relative
to fossil jet fuel decreases from +310% in 2021 to +30-60% in 2030. In this light, the
voluntary uptake of RJF by individual airlines seems unrealistic, given the competitive
character of the industry and the fact that fuel costs account for approximately 30% of
airline operating expenditures.18 Moreover, the projected cost reductions only occur
when early support is provided to develop new technologies and deploy production
capacity. Industry-wide (regulatory) mechanisms will hence be necessary to cover the
cost differential between RJF and fossil jet fuel.
Mechanisms which set a price on CO2 emissions, such as the EU ETS or CORSIA, will
likely not provide a substantial incentive for RJF in the short term, as the CO2 abatement
costs of RJF (160-222 € t-1 CO2, averaged over 2021-2030) are much higher than current
CO2 prices (85% of the global carbon offsets is currently priced at less than 8 € t-1
CO2336). Existing biofuel incentive policies, such as the US RFS2 and EU RED-I, provide a
voluntary opt-in for RJF. However, a level playing field with other types of biofuels has
led to limited consumption of RJF thus far, because the current production costs of
RJF tend to be higher than road biofuels. The multiplier mechanism for RJF included
in the RED-II proposal increases RJF consumption, since it provides an additional
incentive for RJF and increasingly shields RJF development from market volatilities.
However, a multiplier dilutes the biofuel target, unless it is accompanied with increased
(yet realistic) biofuel targets. Moreover, a voluntary opt-in for RJF in biofuel incentive
policies seems to have limited long-term durability, as it the cost burden is essentially
shifted to obligated sectors, such as the road transport sector. More durable funding
mechanism should therefore be developed to safeguard long-term support for RJF.

8.3

Recommendations for policy makers

Early adoption of renewable jet fuel (RJF) is required to structurally reduce the climate
impact of the aviation industry towards 2050, particularly when projected industry
growth rates are maintained. As airlines lack the financial resources or appetite to cover
these costs themselves, stable policy incentives which adequately cover the price gap
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will likely be the major driver for the emergence of RJF production. The political choice
to incentivize RJF is associated with relatively high CO2 abatement cost (160-222 € t-1
CO2) compared to other bioenergy options and can affect biofuel use in other sectors,
particularly in the road transport sector. Nonetheless, RJF is one of the main options
to decarbonize aviation on the short- to medium term, whereas other sectors may
alternative mitigation options (e.g. renewable electricity).
Policy incentives for RJF require an integrated vision on markets for aviation, road and
marine biofuels, since RJF and other biofuels are inextricably linked and often part of
the same product slate. At the same time, the incentive mechanisms should recognize
the specific context of RJF, because RJFs are associated with more stringent quality
criteria, lower technology readiness levels and higher production costs. As stated in
the previous section, EU ETS and CORSIA will likely not provide substantial incentives
for RJF in the short term due to high CO2 abatement costs of RJF. The voluntary opt-in
for RJF in the RED-II and RFS2, combined with additional incentives for RJF (such as a
multiplier), stimulates RJF production in the short term and drives reductions in RJF
costs. However, such system seems to have a limited durability on the longer term as it
shifts the cost burden to obligated sectors, such as road transport.
It is therefore recommended to transform policy incentives for RJF over time towards
a system in which the cost burden is carried by the aviation industry. Carbon-neutral
growth in the aviation industry can be effectively achieved by combining RJF and
carbon offsets. Chapter 7 shows total cumulative costs of such combined mitigation
strategy equal €9.3-12 billion for the EU aviation industry during 2021-2030, of which
€7.7-11 billion is required to cover the RJF cost differential with fossil jet fuel. The costs
of a mitigation strategy solely based on carbon offsets are 3.6-4.5 times lower, but
increase over time as the price of carbon offsets increase. On the contrary, a mitigation
strategy including early adoption of RJF can decrease RJF production costs over time
and stabilize the mitigation cost towards 2030. The cost of RJF translates into an average
cost of €1.0-1.4 or €3.9-5.1 per departing passenger on intra-EU or domestic flights
(averaged over 2021-2030). This surcharge would lead to 3.8-6.1 Mt RJF yr-1 by 2030,
which approximately equals the current jet fuel demand of domestic aviation in EU
member states. The modest size of the surcharge provides scope for governments and
(state-owned) airports to develop incentive mechanisms for RJF, such as RJF blending
targets, differentiated landing fees, or dedicated airport charges, while a consistent
geographical coverage should avoid excessive impact on the relative competitiveness
of airlines and airports. As this surcharge would only cover the cost differential between
RJF and fossil jet fuel, additional support (e.g. government grants or loan guarantees)
remains necessary to support technology development in the short term, especially
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because cost reduction of RJF relies on technological change and technological
learning across the entire supply chain.
It is further recommended to tailor policy incentives to production systems and
production contexts which yield consistent climate reductions. The common method
in policy frameworks to establish the climate impact of bioenergy pathways is based
on a static characterization of the life-cycle emissions of feedstock-technology
combinations, using linear amortization for LUC emissions occurring at the onset
of biofuel production. However, this method has been criticized for the inability to
appropriately address emissions timing and the focus on a single impact category
(i.e. GHG emissions), which may lead to inaccurate or incomplete quantification of the
climate impact of bioenergy production.56–61 It is therefore recommended that policy
frameworks move towards a method which acknowledges the time-dependent nature
of LUC emissions, foregone sequestration and carbon debt, and quantifies the actual
climate response to temporal emission profiles. The Relative Climate Impact (RCI)
performance indicator introduced in Chapter 5 provides an approach to incorporate
time-dependent emission fluxes and allow evaluators to define climate impact
reduction thresholds based on a temporal dimension and the climate impact category
of choice (e.g. GHG emissions, radiative forcing, temperature change).

8.4

Recommendations for the aviation industry

Limiting global warming to 2 oC requires 40-70% reduction of GHG emission by 2050
(relative to 2010) and zero or net-negative GHG emissions at the end of the century. This
implies that strong mitigation efforts are needed across all sectors. The aspiration to
reduce the emissions from the aviation industry by 50% in 2050 (relative to 2005) aligns
well with achieving the 2 oC target. However, the projected industry growth poses a
significant challenge, as the gap between global aviation-related GHG emissions and
the industry target increases from 0.13-0.46 Gt CO2-eq yr-1 by 2030 to 2.2-2.5 Gt CO2-eq
yr-1 by 2050 (including projected efficiency and operational improvements).
Sustainably produced renewable jet fuel (RJF) can be produced in significant quantities
and reduce aviation-related GHG emissions. However, the potential of RJF is finite,
given the physical limits imposed by the supply of sustainable biomass and competing
demand and the temporal limits imposed by the pace of biomass mobilization and
technology development. The RJF volumes projected in Chapter 6 (3.8-6.1 Mt RJF yr-1 by
2030) offset a large part of the emission growth in the EU, but demand high feedstock
mobilization rates and unprecedented growth of biofuel production capacity. The
reliance on RJF to structurally reduce its GHG emissions commands a pro-active attitude
of the aviation industry towards the development of the biofuel sector, especially since
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RJF can stabilize the cost of compliance with the industry’s emission targets on the
longer term (as opposed to carbon offsets). This implies that aviation stakeholders
(particularly airlines) partner with stakeholders along the bioenergy supply chain and
show (joint) financial commitment from the onset to increase RJF uptake on the short
term. Moreover, the social license for using RJF relies on robust sustainability criteria
for RJF and adequate communication to the wider public. The aviation industry is
therefore encouraged to advocate for credible sustainability criteria (e.g. in the context
of CORSIA) and actively participate in the public sustainability debate, for example by
expanding the SAFUG member base and propagating the SAFUG pledge to the wider
public.
Aviation’s decarbonization challenge increases beyond 2030 as the emission gap
widens. Closing the global emission gap in 2050 (2.2-2.5 Gt CO2-eq yr-1) with RJF requires
approximately 700-800 Mt RJF yr-1 (30-34 EJ yr-1), which represents 2.5-2.8 times the
current global fossil jet fuel demand or 8.8-10 times the current global production of
biofuels.11,14,72 This requires consistently high growth rates of RJF production capacity
(Figure 8‑1) and likely lead to high pressure on biomass resources. It is therefore
recommended to start formulating a more diversified long-term strategy to meet the
industry’s emission targets. This strategy could for instance include efforts to expedite
the development of CO2-based RJFs and hybrid/electric propulsion systems.

8.5

Recommendations for further research

The findings of this thesis provide scope for further research on the following topics:
•

Include RJFs in (bio)energy and aviation system models. The results of this
thesis show that the supply of RJF could grow significantly in the coming decade. It
is therefore encouraged to include RJF in other (bio)energy models to explore the
potential of RJF on a national, regional and global level. It is further recommended
to include a more detailed representation of RJF in sectoral models of the aviation
industry to study the impact of RJF introduction and regulatory measures (e.g. a
per-passenger surcharge) in terms of fuel cost, market growth and climate impact.

•

Extend the temporal scope to 2050 and beyond. The challenge of mitigating
aviation-related GHG emissions becomes even more pressing beyond 2030. The
potential and climate impact of biofuels (and their allocation among sectors)
beyond 2030 highly depends on future trends in population growth, agricultural
efficiencies, biofuel policy and technological improvements. 322,385 It is therefore
recommended to include RJFs in integrated assessment models to obtain a broader
view on the role of RJFs in climate change mitigation scenarios. Furthermore, this
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timeframe provides scope for including alternative feedstocks (e.g. CO2 and algae),
options which combine bioenergy and carbon capture and storage (BECCS), and
more advanced biorefining configurations which allow for the co-production of
biofuels and chemicals. In addition, the advent of electric propulsion systems in
aviation may also start to play a role on this timescale.
•

Use the Relative Climate Impact indicator to compare and select bioenergy
production contexts. The Relative Climate Impact (RCI) performance indicator
introduced in Chapter 5 is well-suited to incorporate time-dependent emission
profiles associated with LUC emissions, carbon debt and foregone sequestration.
It further provides the flexibility to quantify the climate impact of production
systems for different impact categories. It is therefore encouraged to apply the
RCI formulation to more (detailed) case studies to identify bioenergy production
contexts which consistently show a climate benefit. It is recommended that these
case studies focus on feedstocks which have a low risk of LUC emissions or carbon
debt (e.g. used cooking oil, municipal solid waste or residual biomass from annual
crops) or production contexts in which bioenergy production is accompanied
by optimized land/forest management or other LUC mitigation measures (e.g.
increasing agricultural efficiencies). 304,380–382

•

Improve the understanding of the non-GHG climate impacts of RJF production
and use. As the impact of aviation-related short-lived emission species (particularly
aerosols, water vapor, and NOx) is estimated to be 2-5 times larger than the impact
of CO2 combustion emissions alone, it is recommended to further ongoing research
on the impact of RJF on the quantity and type of emission species associated with
the combustion of RJF.38,41,453 Furthermore, the scope of climate forcers can be
expanded to include surface albedo, surface roughness and evapotranspiration
(associated with feedstock production) to evaluate their relative importance to the
overall climate impact of RJF.

•

Quantify the wider sustainability impact of RJF use. The production of RJF
may also affect other environmental and socio-economic sustainability indicators,
such air quality, employment, land use, and water use. The quantification of these
parameters is important to avoid adverse sustainability impacts and assess whether
the environmental, socio-economic and health benefits of RJF justify the (public)
investments required to increase the use of RJF.

•

Assess the role of biofuels in the maritime sector. The emission mitigation
challenge for the maritime industry is similar to the aviation industry; it currently
represents 1.6% of global anthropogenic emissions, of which 79% is emitted in
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internationally, but emissions from international shipping are projected to increase
by 50%-250% between now and 2050 due to industry growth. 393,435 Chapter 6 shows
the consumption of marine biofuels could also increase significantly in the coming
decade. It is therefore recommended to perform a more detailed analysis of the
future supply of marine biofuels in the context of the wider bio-based economy.

8

9
Conclusies en aanbevelingen

272

|

Chapter 9

9.1	Samenvatting
In 2010 was de uitstoot van de mondiale luchtvaartsector 743 Mt CO2-eq jr-1. Dit staat
ongeveer gelijk aan 1.5% van de door mensen veroorzaakte mondiale uitstoot van
broeikasgassen. De verwachting is dat de uitstoot van de luchtvaarsector groeit met
een factor 3,6 tot 6,2 tussen 2010 en 2050 door de snelle groei van de sector. Om de
opwarming van de aarde te beperken tot 2 °C, zoals afgesproken in de klimaatdoelen
van Parijs, zal tegelijkertijd de uitstoot van broeikasgassen 40% tot 70% verminderd
moeten worden. De introductie van hernieuwbare vliegtuigbrandstoffen (HVB),
geproduceerd van biomassa, is een belangrijke maatregel om luchtvaart-gerelateerde
uitstoot van broeikasgassen in de komende decennia te verminderen. HVB wordt op
dit moment slechts weinig gebruikt, vooral door de hoge productiekosten en lage
olieprijs.
Dit proefschrift kijkt naar de productiekosten, klimaatimpact en toekomstige productie
van HVB. In Hoofdstuk 2-5 zijn de productiekosten en klimaatimpact van verscheidene
HVB-productiesystemen berekend, zoals Hydroprocessed Esters and Fatty Acids (HEFA),
Fischer-Tropsch (FT), pyrolyse, hydrothermal liquefaction (HTL), Alcohol-to-Jet (ATJ) en
Direct Sugars to Hydrocarbons (DSHC). De uitkomsten van deze hoofdstukken zijn
geïntegreerd in een bio-energiemodel in Hoofdstuk 6 om de toekomstige productie
van HVB en de bijbehorende emissiereducties in de Europese luchtvaartsector tot 2030
te kwantificeren.
De productiekosten van HVB zullen waarschijnlijk hoger blijven dan fossiele
vliegtuigbrandstof op de korte (2020) en middellange termijn (2030), hoewel afnemende
productiekosten en hogere olieprijzen het kostenverschil aanzienlijk verminderen. De
huidige productiekosten voor HVB, gebaseerd op HVB geproduceerd van afgewerkt
frituurvet met de HEFA technologie, bedragen 30,3 € GJ-1 (1303 € t-1) en zijn ongeveer 2,8
keer hoger dan de gemiddelde prijs van vliegtuigbrandstoffen in 2017.452 De resultaten
laten zien dat het kostenverschil tussen hernieuwbare en fossiele vliegtuigbrandstoffen
terugloopt tot 7-13 € GJ-1 in 2030 door hogere olieprijzen, de ontwikkeling van nieuwe
conversietechnologieën (met name pyrolyse en HTL), toegang tot goedkopere
biomassa en leereffecten door de groei van productiecapaciteit voor biobrandstoffen.
De productiekosten van HVB kunnen tot 20% verlaagd worden door productieketens
te optimaliseren en coproductie-strategieën te formuleren met bestaande industrieën
zoals de pulp- en papierindustrie of olieraffinaderijen.
De klimaatimpact van HVB door CO2, CH4 en N2O emissies verschilt tussen
productieketens en tussen productiecontexten, maar kan significant lager zijn
dan fossiele vliegtuigbrandstoffen. De onderzochte productieketens behalen een
broeikasgasreductie over de gehele levenscyclus variërend van 18% voor DSHC tot 94%
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voor FT (vergeleken met fossiele vliegtuigbrandstoffen). De meeste productieketens
behalen een broeikasgasreductie van ten minste 70%. Ketens gebaseerd op
voedselgewassen behalen over het algemeen lagere broeikasgasreducties dan
ketens gebaseerd op residuen of lignocellulose gewassen, doordat de bemesting van
voedselgewassen gepaard gaat met relatief veel N2O emissies. Waterstofgebruik is vaak
een significant deel van de broeikasgasemissies van HVB, met name voor pyrolyse, HTL,
DSHC en HEFA. Emissies door landgebruiksveranderingen, koolstofschuld of gederfde
koolstofopslag zijn in sommige gevallen hoger dan de levenscyclus-emissies en
kunnen de klimaatwinst van HVB vertragen, verlagen, of zelfs elimineren. Het risico op
deze emissies kan worden gemitigeerd door de juiste productiecontext te scheppen.
Het risico op een koolstofschuld of emissies door indirecte landgebruiksverandering
kan bijvoorbeeld worden verlaagd door biomassa productie te combineren met
inspanningen om het land- en bosmanagement te optimaliseren, de opbrengsten
van gewassen te verhogen, de ketenefficiëntie te verbeteren of voedsel-, voer- en
bio-energie-productie beter te integreren. De klimaatimpact van HVB kan nog verder
worden verlaagd door de conversie-efficiëntie en gewasopbrengst te verhogen of
CO2-afvang en opslag toe te passen. De klimaatwinst van HVB kan verder toenemen
wanneer zwaardere en zuurdere ruwe oliesoorten gebruikt gaan worden om fossiele
vliegtuigbrandstoffen te produceren.
De toekomstige productie van HVB en de bijbehorende emissiereducties hangen
af van stimuleringsmaatregelen, de snelheid van technologieontwikkeling, het
aanbod van biomassa en de vraag naar biomassa. De toekomstige productie van
HVB kan groeien naar 165-261 PJ jr-1 (3,8-6,1 Mt jr-1) in de EU in 2030, gebaseerd op
het verwachte Europese bio-energiebeleid tussen 2021 en 2030. Deze productie komt
overeen met 6-9% van het brandstofgebruik op vliegvelden in de EU. Initieel wordt
HVB geproduceerd door de HEFA-technologie; FT, ATJ, pyrolyse en HTL worden aan
het portfolio toegevoegd zodra deze technologieën op grote schaal toegepast kunnen
worden. De introductie van HVB vermindert luchtvaart-gerelateerde emissies met 12-19
Mt CO2-eq jr-1 in de EU in 2030. Dit neutraliseert 53-84% van de verwachte emissiegroei
in 2030 (Figuur 9‑1). De gemiddelde broeikasgasreductie van HVB bedraagt 78-80% ten
opzichte van fossiele vliegtuigbrandstoffen. Emissies door landgebruiksveranderingen,
koolstofschuld of gederfde koolstofopslag zijn niet meegenomen in deze
berekeningen. Het risico op deze emissies is echter klein omdat HVB met name wordt
geproduceerd van residuen, zoals afgewerkt frituur- en dierlijk vet en landbouw- en
bosbouwresiduen. De cumulatieve kosten van HVB bedragen €7,7-11 miljard gedurende
2021-2030. Dit staat ongeveer gelijk aan 11-16 € GJ-1 HVB (491-682 € t-1), 160-222 € per
vermeden ton CO2, of 1,0-1,4 € per vertrekkende passagier op een vlucht binnen de
EU. Deze projecties hangen met name af van stimuleringsmaatregelen (gebaseerd
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op het Renewable Energy Directive II (RED-II) voorstel van de Europese Commissie)
en de beschikbaarheid van nieuwe conversietechnologieën. Inspanningen om de
ontwikkeling van conversietechnologieën te versnellen (met name technologieën die
lignocellulose biomassa kunnen omzetten) kunnen de kosten verlagen en de productie
van HVB verhogen door toegang te verschaffen tot goedkopere en ruimer beschikbare
vormen van biomassa. Een hoge beschikbaarheid van biomassa, met name afgewerkt
frituurvet, kan de kosten ook verlagen. Een hogere vraag naar biobrandstoffen zorgt
voor hogere productie van HVB, maar leidt ook tot hogere productiekosten door de
concurrentie met andere sectoren en een grotere afhankelijkheid van import van
biomassa en biobrandstoffen.

Figuur 9‑1: Projectie van de verbrandingsemissies van de luchtvaartsector in de EU met de bijdrage van
HVB, gebaseerd op het LSLD-scenario (Hoofdstuk 6), met een extrapolatie van emissiereducties door HVB na
2030.

9.2
Groene vergezichten? – Dat hangt af van een aantal randvoorwaarden
Dit proefschrift laat zien dat de introductie van HVB de klimaatimpact van de
luchtvaartsector kan verlagen in het komende decennium, mits aan een aantal
randvoorwaarden wordt voldaan.
1

Randvoorwaarde 1: Focus op HVB-types die een robuuste klimaatwinst opleveren

Een robuuste klimaatwinst is de kern van de motivatie voor HVB en is essentieel voor
het maatschappelijk draagvlak voor HVB. De duurzaamheidscriteria in het huidige
bio-energiebeleid zijn gebaseerd op een statische beschrijving van de levenscyclusemissies van biomassa-technologie combinaties. Gezien de impact van tijdsafhankelijke
emissies op de klimaatimpact van bio-energie, wordt beleidsmakers aangeraden
om een methode te gebruiken die tijdsafhankelijke emissies adequaat meeneemt.
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Een dergelijke methode zou emissies gerelateerd aan landgebruiksverandering,
koolstofschuld of gederfde koolstofopslag kunnen meenemen, evenals andere
tijdsafhankelijke parameters, zoals verbeteringen in gewasopbrengsten en de
koolstofintensiteit van fossiele producten. De Relative Climate Impact (RCI) indicator,
geïntroduceerd in Hoofdstuk 5, neemt tijdsafhankelijke emissies mee en biedt de
mogelijkheid om een minimale klimaatimpact-reductie te definiëren op basis van een
gekozen tijdshorizon en klimaatimpact-categorie (bijvoorbeeld broeikasgasemissies,
aardopwarmingsvermogen of temperatuursverandering).
De productiecontext is van grote invloed op de klimaatwinst van een productiesysteem.
Levenscyclus-emissies van HVB kunnen worden verlaagd door gebruik te maken van
duurzaam geproduceerde waterstof of CO2-afvang en -opslag. Het risico op emissies
door landgebruiksveranderingen, koolstofschuld of gederfde koolstofopslag kan
(deels) worden gemitigeerd door residuen te gebruiken en de juiste productiecontext te
scheppen. Productiesystemen met hoge gewasopbrengsten en conversie-efficiënties
kunnen de bijdrage van landgebruiksveranderingen, koolstofschuld of gederfde
koolstofopslag verminderen. Daarnaast kan een geïntegreerde visie op de productie
van bio-energie, voedsel en voer bijdragen om landgebruik te optimaliseren en emissies
door landgebruiksveranderingen te vermijden. Hoofdstuk 5 geeft enkele voorbeelden
van productiecontexten waarin robuuste klimaatwinst geboekt wordt, bijvoorbeeld
wanneer gebruik wordt gemaakt van afgewerkt frituurvet in combinatie met de HEFA
technologie (mits vervangingseffecten worden vermeden), bosbouwresiduen in
combinatie met de FT technologie (mits deze residuen anders zouden worden verbrand
in het bos) of suikerriet in combinatie met de ATJ technologie (mits suikerriet productie
gepaard gaat met maatregelen om indirecte landgebruiksverandering tegen te gaan,
zoals het verhogen van de gewasopbrengst).
2

Randvoorwaarde 2: Steun de ontwikkeling van nieuwe conversietechnologieën

De productiecapaciteit van HVB moet met 73-82% jr-1 groeien gedurende 2021-2030
om de eerdergenoemde HVB productie (3,8-6,1 Mt HVB jr-1) en emissiereductie (1219 Mt CO2-eq jr- -1) te realiseren. De groeisnelheden zijn relatief hoog vergeleken met
de gemiddelde groeisnelheid van de productiecapaciteit van biobrandstoffen in
de EU (10% jr-1) en de Verenigde Staten (13% jr-1) gedurende 2006-2016.72 Figuur 9‑1
laat zien dat na 2030 de groeisnelheid consequent rond 10-15% moet liggen om
luchtvaart-gerelateerde emissies in 2050 te verlagen met 50%. De HEFA-technologie
is op dit moment de enige technologie die op grote schaal HVB kan produceren.
Het opschalingspotentieel van deze technologie wordt echter beperkt door de
beschikbaarheid van duurzame oliën en vetten en de concurrerende vraag vanuit
andere sectoren. Modelprojecties laten zien dat 59-82% van de totale hoeveelheid HVB
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in 2030 geproduceerd wordt door technologieën die op dit moment nog niet op grote
schaal gebruikt worden (bijvoorbeeld HTL, pyrolyse, FT, ATJ). Gezien de technologische
status van FT en ATJ, kunnen deze technologieën op de korte termijn gebruikt worden
om de HVB-productie verhogen. Pyrolyse en HTL laten veelbelovende productiekosten
en klimaatwinst zien op de middellange termijn. De productiekosten en klimaatwinst
van de DSHC-technologie is minder veelbelovend, met name door een lage conversieefficiëntie.
De ontwikkeling van deze nieuwe technologieën ontsluit meer en goedkopere
vormen van (lignocellulose) biomassa. Dit is essentieel om de HVB-productie te
verhogen en de kosten werkbaar te houden. Daarnaast reduceert een divers biomassatechnologie portfolio de druk op bepaalde biomassa stromen. Dit is belangrijk om
hoge biomassaprijzen en nadelige milieueffecten te vermijden, zoals emissies door
indirecte landgebruiksveranderingen. Vroegtijdige steun is belangrijk, met name door
de groeiende urgentie van emissiereducties en de tijd die het kost om technologieën te
ontwikkelen en ASTM-certificering te verkrijgen. De kosten van HVB kunnen significant
verlaagd worden richting 2030 en daarna, mits technologieontwikkelaars gefaciliteerd
worden om ervaring op te doen en hun technologie op te schalen. Tegelijkertijd is er
een langetermijnstrategie nodig om constante en duurzame groei van HVB-productie
na 2030 te bewerkstellingen.
3	Randvoorwaarde 3: Creëer een structureel financieringsmechanisme om het
kostenverschil tussen HVB en fossiele vliegtuigbrandstoffen op te vangen
De projecties laten zien dat de productiekosten van HVB kunnen dalen richting 2030,
maar hoger blijven dan de kosten van fossiele vliegtuigbrandstoffen. Een stabiel
financieringsmechanisme voor HVB is daarom nodig om de vraag naar HVB te vergroten
en investeringen uit te lokken. De cumulatieve kosten om het prijsverschil te dichten
worden geschat op €7,7-11 miljard gedurende 2021-2030 om een productieniveau te
bereiken van 3,8-6,1 Mt RJF jr-1 in de EU in 2030. In deze scenario’s gaat de meerprijs
van HVB ten opzichte van fossiele vliegtuigbrandstoffen omlaag van +310% in 2021
naar +30-60% in 2030. Vrijwillig gebruik van HVB door luchtvaartmaatschappijen
lijkt hiermee onrealistisch, gegeven het competitieve karakter van de sector en
het feit dat brandstofkosten ongeveer 30% van de totale operationele kosten
bedragen.18 Daarnaast kunnen deze kostenreducties alleen worden bewerkstelligd
als er vroegtijdige steun is voor de ontwikkeling van conversietechnologieën en de
bouw van nieuwe productiecapaciteit. Industrie-brede mechanismen (bijvoorbeeld
met behulp van regelgeving) zijn daarom nodig om het kostenverschil tussen HVB en
fossiele vliegtuigbrandstoffen te dekken.
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Mechanismen die een prijs op CO2 zetten, zoals EU ETS en CORSIA, zullen waarschijnlijk
weinig stimulans bieden voor HVB productie op de korte termijn, gezien de hoge
mitigatiekosten van HVB (160-222 € t-1 CO2, gemiddelde over 2021-2030) en de huidige
prijs voor CO2 (85% van de CO2 compensatie credits kosten minder dan 8 € t-1 CO2336).
Huidige stimuleringsmaatregelen voor biobrandstoffen, zoals de US RFS2 en EU RED-I,
bieden een vrijwillige opt-in voor HVB. Echter, een dergelijk gelijk speelveld met andere
biobrandstoffen heeft nog niet geleid tot verhoogde productie van HVB, omdat de
huidige productiekosten van HVB hoger zijn dan de productiekosten van andere
biobrandstoffen. De multiplier, van toepassing op HVB in het RED-II voorstel, geeft een
extra stimulans aan HVB en verhoogt de productie van HVB. De multiplier zorgt echter
ook voor een verwatering van de doelstelling voor biobrandstoffen. Daarnaast lijkt
een vrijwillige opt-in voor HVB in bio-energiebeleid een gelimiteerde houdbaarheid
te hebben, omdat het de kosten verschuift naar gemandateerde sectoren, zoals
de wegtransportsector. Het is daarom belangrijk om te zoeken naar duurzamere
stimuleringsmaatregelen om de steun voor HVB ook te kunnen waarborgen op de
lange termijn.

9.3	Aanbevelingen voor beleidsmakers
Een vroegtijdige introductie van hernieuwbare vliegtuigbrandstoffen (HVB) is belangrijk
om de klimaatimpact van de luchtvaartsector structureel te verlagen richting 2050, met
name gezien de groeiprojecties van de sector. Aangezien luchtvaarmaatschappijen
niet de financiële ruimte kunnen of willen creëren om het kostenverschil tussen
HVB en fossiele vliegtuigbrandstoffen op te vangen, zal de introductie van HVB voor
een groot deel afhangen van adequate en stabiele stimuleringsmaatregelen. De
politieke keuze om het gebruik van HVB te stimuleren gaat gepaard met relatief hoge
mitigatiekosten (160-222 € t-1 CO2) vergeleken met andere vormen van bio-energie en
zal effect hebben op het gebruik van biobrandstoffen in andere sectoren, met name de
wegtransportsector. Desalniettemin hebben andere sectoren meerdere alternatieven
om emissies te reduceren (bijvoorbeeld door elektrificatie), terwijl HVB de belangrijkste
optie is om de klimaatimpact van de luchtvaartsector op de korte en middellange
termijn terug te dringen.
Stimuleringsmaatregelen voor HVB vereisen een geïntegreerde visie op
brandstofgebruik in de luchtvaartsector, wegtransport en scheepvaart, aangezien
HVB-productie vaak gepaard gaat met de productie van andere biobrandstoffen.
Tegelijkertijd moeten stimuleringsmechanismen ook rekening houden met de
specifieke context van HVB, die getypeerd wordt door hoge kwaliteitseisen, hoge
productiekosten en de premature staat van de meeste conversietechnologieën. EU
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ETS en CORSIA zullen waarschijnlijk niet genoeg stimulans geven aan de productie van
HVB op de korte termijn, gezien de hoge mitigatiekosten van HVB. De vrijwillige opt-in
voor HVB in de RED-II en RFS2, in combinatie met additionele stimuleringsmaatregelen
voor HVB (zoals een multiplier), verhoogt de HVB-productie op de korte termijn en leidt
tot kostenreducties. Dergelijke maatregelen lijken echter beperkt houdbaar, omdat de
meerkosten van HVB gedragen worden door andere gemandateerde sectoren, zoals
de wegtransportsector.
Het wordt daarom aanbevolen om stimuleringsmaatregelen voor HVB op den duur
om te vormen naar een mechanisme waarin de kosten worden gedragen door de
luchtvaartsector zelf. Klimaatneutrale groei van de sector kan effectief worden bereikt
door HVB te combineren met CO2 compensatie. Hoofdstuk 7 laat zien dat de cumulatieve
kosten van zo’n gecombineerde mitigatiestrategie voor de luchtvaartsector in de
EU €9,3-12 miljard bedragen gedurende 2021-2030, waarvan €7,7-11 miljard wordt
gebruikt om het kostenverschil tussen HVB en fossiele vliegtuigbrandstoffen te dekken
(de rest wordt gebruikt voor CO2 compensatie). Hoewel de cumulatieve kosten van een
mitigatiestrategie enkel gebaseerd op CO2 compensatie 3,6-4,5 keer lager zijn over
dezelfde tijdsspanne, zit er een opgaande trend in de kosten van zo’n mitigatiestrategie
door de stijgende prijs van CO2. De gecombineerde mitigatiestrategie laat daarentegen
zien dat vroegtijdige steun aan HVB zorgt voor kostenreducties en een stabilisering
van de totale kosten richting 2030. De kosten van HVB bedragen €3,9-5,1 of €1,0-1,4
per vertrekkende passagier op een binnenlandse vlucht of een vlucht binnen de EU
(gemiddelde over 2021-2030). Een dergelijke toeslag zou de productie van 3,8-6,1 Mt
HVB jr-1 in 2030 dekken. Dit volume staat ongeveer gelijk aan het huidige gebruik van
vliegtuigbrandstoffen voor binnenlandse vluchten in alle EU-lidstaten. De bescheiden
hoogte van de toeslag biedt ruimte aan overheden en (genationaliseerde) luchthavens
om stimuleringsmaatregelen voor HVB te ontwikkelen, zoals een doelstelling voor HVBgebruik, gedifferentieerde landingskosten of specifieke heffingen. Een consistente
geografische dekking van deze maatregelen moet ervoor zorgen dat de onderlinge
concurrentie tussen luchtvaartmaatschappijen en luchthavens zo min mogelijk wordt
beïnvloed. De eerdergenoemde toeslag dekt alleen het kostenverschil tussen HVB en
fossiele vliegtuigbrandstof; additionele stimuleringsmaatregelen voor de ontwikkeling
van nieuwe conversietechnologieën blijven nodig, vooral omdat de kostenreducties
voor HVB afhangen van nieuwe conversietechnologieën en technologische leereffecten
in de hele productieketen.
Daarnaast is het belangrijk om stimuleringsmaatregelen te koppelen aan
productiesystemen en productiecontexten die een robuuste klimaatwinst opleveren.
De huidige methode om de klimaatimpact van bio-energiesystemen te berekenen
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is gebaseerd op een statische beschrijving van de levenscyclus-emissies van een
biomassa-technologie combinatie, waarin tijdsafhankelijke emissies (zoals die van
landgebruiksveranderingen) vaak worden uitgespreid over een subjectief gekozen
tijdsperiode. Verscheidene studies laten zien dat deze methode kan leiden tot een
incompleet en inaccuraat beeld van de klimaatimpact van bio-energiesystemen,
doordat er geen rekening wordt gehouden met de timing van emissies en systemen
alleen beoordeeld worden op basis van broeikasgasemissies (en bijvoorbeeld niet op
de resulterende klimaateffecten, zoals temperatuurstijging).56–61 Het zou daarom beter
zijn als stimuleringsmaatregelen een methode gebruiken die tijdsafhankelijke emissies
gerelateerd aan landgebruiksverandering, koolstofschuld of gederfde koolstofopslag
op de juiste manier meeneemt en de werkelijke klimaatimpact van een bioenergiesysteem berekent. De Relative Climate Impact (RCI) indicator, geïntroduceerd in
Hoofdstuk 5, neemt tijdsafhankelijke emissies mee en biedt regelgevende instanties de
mogelijkheid om een minimale klimaatimpact-reductie te definiëren op basis van een
gekozen tijdshorizon en klimaatimpact-categorie (bijvoorbeeld broeikasgasemissies,
aardopwarmingsvermogen of temperatuursverandering).

9.4	Aanbevelingen voor de luchtvaartsector
De 2 oC doelstelling, afgesproken in het Parijs akkoord, vraagt een reductie van
broeikasgassen van 40-70% in 2050 (ten opzichte van 2010) en nul of negatieve
emissies aan het einde van de eeuw. Dit impliceert dat alle sectoren hun steentje bij
moeten dragen. De ambitie van de luchtvaartsector om broeikasgasemissies met 50%
terug te dringen in 2050 (ten opzichte van 2005) komt redelijk overeen met de 2 oC
doelstelling. Echter, de geprojecteerde groei van de sector vormt een aanzienlijke
uitdaging, aangezien de kloof tussen de mondiale uitstoot en de ambitie van de sector
groeit van 0,13-0,46 Gt CO2-eq jr-1 in 2030 naar 2,2-2,5 Gt CO2-eq jr-1 in 2050 (efficiëntieen operationele verbeteringen zijn hierin meegenomen).
Duurzaam geproduceerde hernieuwbare vliegtuigbrandstoffen (HVB) kunnen
geproduceerd worden in significante hoeveelheden en kunnen luchtvaart-gerelateerde
emissies verminderen. Echter, de hoeveelheid HVB is eindig, gezien de fysieke
limieten op de beschikbaarheid van duurzame biomassa en de vraag naar biomassa
van andere sectoren. Tevens is de opschalingssnelheid van HVB gelimiteerd door de
snelheid waarmee conversietechnologieën ontwikkeld kunnen worden en biomassa
gemobiliseerd kan worden. De resultaten in Hoofdstuk 6 laten significante volumes
HVB zien (3,8-6,1 Mt jr-1 in 2030), genoeg om een groot deel van de emissiegroei tot
2030 te neutraliseren. Deze projecties hangen echter af van een snelle mobilisatie van
biomassa en een ongeëvenaarde groei van productiecapaciteit voor biobrandstoffen.

9

280

|

Chapter 9

Een proactieve houding van de sector ten opzichte van de ontwikkeling van HVB is
essentieel, gezien de afhankelijkheid van de sector van HVB om haar broeikasgasemissies
terug te dringen. Vroegtijdige steun aan de ontwikkeling van HVB kan tevens de
mitigatiekosten van de sector op de middellange termijn stabiliseren, in tegenstelling
tot CO2-compensatie. Deze steun houdt bijvoorbeeld in dat de sector (met name
luchtvaartmaatschappijen) al in een vroeg stadium partnerships en (gezamenlijke)
financiële verplichtingen aangaat met actoren in de productieketen om de productie
van HVB te verhogen. Het maatschappelijk draagvlak voor HVB is gebaseerd op
robuuste duurzaamheidscriteria voor HVB. Dit vraagt om adequate communicatie naar
het publiek. De luchtvaartsector wordt daarom opgeroepen om zich in te zetten voor
geloofwaardige duurzaamheidscriteria (bijvoorbeeld in de context van CORSIA) en
zich actief te mengen in het publieke debat over duurzaamheid, bijvoorbeeld door de
uitbreiding van SAFUG en het publiekelijk uitdragen van de SAFUG-boodschap.
Na 2030 wordt de uitdaging om de emissies van de luchtvaartsector te reduceren
alleen maar groter, gezien de groei van de sector. Het invullen van de mondiale
emissiekloof in 2050 (2,2-2,5 Gt CO2-eq jr-1) vraagt om ongeveer 700-800 Mt HVB jr-1
(30-34 EJ jr-1). Dit staat ongeveer gelijk aan 2,5-2,8 keer de huidige consumptie van
vliegtuigbrandstoffen of 8,8-10 keer de huidige mondiale productiecapaciteit voor
biobrandstoffen.11,14,72 Dit vereist een constant hoge groei van HVB productiecapaciteit
(Figuur 9‑1) en zal waarschijnlijk de druk op het aanbod van biomassa verhogen.
Het wordt daarom aanbevolen om nu al te beginnen met het formuleren van een
gediversifieerde strategie om de klimaatambities van de industrie op de lange termijn
te verwezenlijken. Een dergelijke strategie kan bijvoorbeeld sturen op het versnellen
van de ontwikkeling van hybride/elektrische vliegtuigen en technologieën om HVB te
produceren uit CO2.

9.5	Aanbevelingen voor toekomstig onderzoek
De bevindingen van dit proefschrift leiden tot de volgende aanbevelingen voor
toekomstig onderzoek:
•

Voeg HVB toe aan bio-energie- en luchtvaartmodellen. De resultaten van dit
proefschrift laten zien dat de productie van HVB significant kan toenemen in het
komende decennium. Het wordt daarom aangeraden om HVB toe te voegen aan
bio-energiemodellen om de toekomstige productie van HVB te onderzoeken op
nationaal, regionaal en mondiaal niveau. Een gedetailleerdere beschrijving van HVB
in modellen van de luchtvaartsector kan daarnaast gebruikt worden om de effecten
te bestuderen van de introductie van HVB en gerelateerde stimuleringsmaatregelen
(bijvoorbeeld een passagierstoeslag) op de brandstofkosten, marktgroei en
klimaatimpact van de sector.
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•

Verleng de tijdshorizon tot 2050 en verder. De uitdaging om luchtvaartgerelateerde emissies te reduceren wordt groter na 2030. De beschikbaarheid
en klimaatwinst van biobrandstoffen (en de onderverdeling tussen sectoren) na
2030 hangt sterk af van toekomstige bevolkingsgroei, landbouwopbrengsten,
bio-energiebeleid en technologische ontwikkelen. Het wordt daarom aanbevolen
om de productie van HVB op te nemen in geïntegreerde analysemodellen om
de rol van HVB in mitigatiescenario's in een bredere context te kunnen plaatsen.
De tijdsspanne na 2030 geeft de ruimte voor een prominentere rol van andere
grondstoffen (zoals CO2 en algen), de combinatie van bio-energie en CO2 afvang en
opslag (BECCS) en geavanceerde bioraffinageconcepten waarin biobrandstoffen en
biochemicaliën tegelijkertijd worden geproduceerd.

•

Gebruik de Relative Climate Impact indicator om bio-energiesystemen en
productiecontexten te vergelijken en selecteren. De Relative Climate Impact
(RCI) indicator, geïntroduceerd in Hoofdstuk 5, neemt tijdsafhankelijke emissies
mee gerelateerd aan landgebruiksverandering, koolstofschuld of gederfde
koolstofopslag. Daarnaast is het mogelijk om de klimaatimpact te kwantificeren en te
vergelijken op basis van verschillende impactcategorieën, zoals broeikasgasemissies
of temperatuurstijging. Het wordt daarom aangeraden om de RCI-indicator toe te
passen op gedetailleerde casestudies om bio-energiesystemen met een robuuste
klimaatwinst te selecteren. Het is aan te raden om deze casestudies te baseren
op vormen van biomassa met een laag risico op landgebruiksveranderingen of
koolstofschuld (bijvoorbeeld afgewerkt frituurvet, gemeentelijk afval of residuen
van jaarlijkse gewassen) en contexten waarin de productie van bio-energie
gepaard gaat met maatregelen om het risico op landgebruiksveranderingen in te
dammen. 304,380–382

•

Verbeter het begrip van de andere klimaateffecten van HVB. Gezien de
klimaatimpact van kortlevende emissiesoorten (zoals aërosolen, waterdamp en
NOx) gerelateerd aan de huidige luchtvaart 2-5 keer zo groot wordt geschat als
de klimaatimpact van CO2, is het van belang dat het huidige onderzoek over de
klimaatwinst van HVB wordt uitgebreid naar deze emissiesoorten.38,41,453 Daarnaast
kan de productie van HVB ook een effect hebben op de oppervlakte-albedo,
oppervlakteruwheid en evapotranspiratie. Verder onderzoek moet uitwijzen hoe
groot de effecten hiervan zijn ten opzichte van de totale klimaatwinst van HVB.

•

Kwantificeer ook andere duurzaamheidsindicatoren voor het gebruik van
HVB. HVB-productie kan een effect hebben op andere duurzaamheidsindicatoren,
zoals luchtkwaliteit, werkgelegenheid, landgebruik en watergebruik. Het is
belangrijk om deze parameters te kwantificeren om negatieve effecten te
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vermijden en uit te zoeken of de maatschappelijke voordelen opwegen tegen de
maatschappelijke investeringen.
•

Onderzoek de rol van biobrandstoffen in de scheepvaart. De uitdaging voor
de scheepvaart om emissies te reduceren is van dezelfde ordegrootte als voor de
luchtvaartsector. Het huidige aandeel van de scheepvaart in de totale mondiale
uitstoot van broeikasgassen bedraagt 1.6%, waarvan 79% wordt uitgestoten in
internationale wateren. Tegelijkertijd groeien de emissies van de internationale
schaapvaart met 50%-250% tussen nu en 2050 door groei van de industrie.393,435
Uit Hoofdstuk 6 blijkt dat het gebruik van biobrandstoffen in de scheepvaart
significant kan groeien in het komende decennium. Het wordt daarom aangeraden
om gedetailleerder onderzoek te doen naar de toekomstige productie van
biobrandstoffen voor de scheepvaart in de context van een ontwikkelende bioeconomie.
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