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The decarbonisation of the transportation sector is key tomeeting the climate goals. Whilst the electrification

of road passenger transportation is proving to be a viable low-carbon solution in many contexts, a viable

pathway towards a decarbonised aviation sector remains opaque. In this context, so-called e-fuels

produced via the combination of H2O, CO2 and renewable energy may have promise owing to their

compatibility with existing infrastructure. Most studies on e-fuels focus only on the economic dimension,

neglecting their environmental performance and associated costs. Here, we present a techno-economic

evaluation and cradle-to-grave life cycle assessment of Fischer–Tropsch (FT) e-jet fuels produced at

different locations in Europe from a range of CO2 and green H2 sources to comprehensively assess their

potential in aviation, explicitly accounting for externalities. Our results show that e-jet fuel is at present

much more expensive (at least 5.4-fold) than its fossil analogue, even when externalities are included (i.e.,

at least 2.3 fold the current cost of fossil jet fuel). Furthermore, e-jet fuels could exacerbate the damage to

human health and ecosystems despite showing lower carbon footprint and resource scarcity impacts than

their fossil counterparts. Overall, e-jet fuel could become more economically and environmentally

attractive by reducing the cost and impact of CO2 and green H2 and, more specifically, the electricity used

in their production processes. In this regard, the production plant's location emerges as a critical factor

due to the costs associated with balancing the intermittency of site-specific renewables.
1. Introduction

Currently, energy consumption increases ca. 1% to 2% per year
on average,1 with transport accounting for around 25% of the
world's energy demand and 60% of total oil consumption
annually.2 Thus, the transport sector is responsible for about
20% of the world's carbon emissions.3 Hence, any credible
effort to mitigate climate change must also account for emis-
sions from transport. Consequently, a range of different options
have been explored, e.g., electrication, H2, biofuels and
synthetic fuels, where the latter two have received particular
attention because they could be blended with conventional
fuels without changing existing infrastructure. e-Fuels are
liquid or gaseous fuels produced from electrolytic H2 via
renewable electricity and captured carbon or nitrogen.4 Because
ineering, Imperial College London, UK

h, Quito, Ecuador

ollege London, UK

TH Zürich, Switzerland. E-mail: gonzalo.

mation (ESI) available. See

f Chemistry 2022
both the power and the feedstocks come from renewable sour-
ces,5 the so-called renewable electrofuels have the potential to
be carbon neutral in terms of greenhouse gas emissions.6

However, their energy-intensive nature, high production costs
and the need for green H2 and concentrated CO2 streams
constitute the main barriers to widespread deployment.7–10

According to Hänggi et al.,11 when it comes to passenger
automobiles, electric batteries are deemed more sustainable
and cleaner than fossil fuels. However, long-distance trans-
portation by land and sea and commercial air travel would
require unique batteries unable to currently match present
requirements, such as a high gravimetric energy density,
a lightweight, a high degree of autonomy, or a short refuelling
time.12,13 As a result, electrofuels may nd use in transport
applications where batteries are not suitable.6,14

According to Åkerman et al.,7 there are three potential avia-
tion fuel substitutes for conventional fossil fuels: drop-in bio-
fuels, H2, and drop-in electrofuels. The supply of sustainable
biomass is inherently limited and owing to the increasingly
pressing need to remove CO2 from the atmosphere, biomass
resources will likely be employed in this context. Whilst H2

could be produced at a lower cost than electrofuels, it is not
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Fig. 1 European demand for jet fuel in 2018. The European Union's
(EU) jet fuel demand for 2018 was 62 800 kt. The sum of the demands
of the United Kingdom (GB), Germany (DE), France (FR), Spain (ES) and
Italy (IT), for the same year, was equivalent to approximately 65% of the
EU's total demand.26
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View Article Online
a drop-in option for the existing eet, which may be expected to
remain in service for some time. Therefore, this study focuses
on electrofuels with the potential to be used as aviation fuels.

Recent literature studied the potential benets and feasi-
bility of electrofuels in the aviation sector, as shown in Table 1.
Most of these studies focus only on the techno-economic
dimension. Only a few assess their environmental perfor-
mance, but oen in terms only of global warming (GW) impacts.
However, as discussed elsewhere,8–10 a full assessment of the
potential of electrofuels to contribute to a net-zero emission
society should consider both their techno-economic viability
and environmental performance at an equivalent level of
granularity. Moreover, drawing a comprehensive picture of
environmental performance requires accounting for impacts
beyond climate change. The latter can be achieved via
a comprehensive life-cycle assessment (LCA). Specically, elec-
trofuels are currently more expensive but could be less
polluting, depending on the carbon intensity of the energy used
in their production, than their fossil analogues.22 However, they
may impose signicant indirect impacts on human health and
the environment. Consequently, a fair comparison requires
accounting for other impacts beyond climate change, which
could be done by computing the monetised value of the life
cycle environmental impacts.

Here, we present a comprehensive techno-economic and
environmental study of Fischer–Tropsch (FT)-electrofuels with
the potential to replace fossil jet fuel, covering a wide range of
LCA metrics, externalities and several locations.

We focus on e-jet fuel obtained from CO2 captured from
different sources and green H2 from solar, wind, and hybrid solar
and wind-powered water-electrolysis systems. Our study
considers various locations in Europe, each with different avail-
ability of solar and wind resources, which affects the cost of
electricity and H2 storage, and thus the nal cost of H2 and e-jet
fuel.23,24 The plant integrates solar PV and wind systems, a proton
exchange membrane electrolyser (PEMEL) and its corresponding
balance of plant (BOP), alongside batteries and H2 storage tanks
(or salt caverns). It also includes a reverse water-gas shi (rWGS)
reactor, an FT reactor, a hydrocracking (HC) reactor, a burner,
and a train of ash separators. The LCA undertaken here is based
on the ISO 14040 series (2006) and the ReCiPe 2016 damage
model, covering 22 midpoint and three endpoint indicators that
are monetised according to specic economic penalties.25

We nd that, at present, e-jet fuel is more expensive than
fossil jet fuel by a factor of 5.4–15.1, even when externalities are
accounted for. For e-jet fuels to be cost-competitive with
conventional jet fuel, a carbon tax of 1125 USD/tCO2-eq would
need to be imposed, which is deemed unrealistic. Moreover, e-
jet fuel leads to burden-shiing as it worsens human health and
ecosystem quality compared to fossil jet fuel. Overall, our work
highlights the need to account for impacts beyond climate
change in assessing electrofuels to minimise the potential
collateral damage of low carbon transition pathways.

The paper is organised as follows: the methodology encom-
passing the model description, the LCA and techno-economic
assessment, including the monetisation of endpoint impacts
and the risk analysis, is outlined rst. Following that, the results
This journal is © The Royal Society of Chemistry 2022
are presented, comparing e-jet fuel with conventional jet fuel.
Finally, we summarise the primary ndings and provide
recommendations for further research.
2. Methodology

We consider ve plant locations, namely the United Kingdom
(GB), Germany (DE), France (FR), Spain (ES) and Italy (IT), given
their high jet fuel demand in the European region (see Fig. 1).26

A summary of the scenarios assessed for each country, high-
lighting the H2 and CO2 sources and H2 storage media, is shown
in Table 2.
2.1. Model description

The production process, which corresponds to the foreground
system exchanging mass and energy with the techno- and eco-
spheres, was simulated in Aspen Plus v11 (ref. 27) based on
the literature.28 The model includes the pure components H2,
CO2, H2O, CO, and all the n-alkanes from C1 to C30, which were
selected from the APV110.PURE37 databank. Due to its suit-
ability for hydrocarbons,29 the Peng–Robinson equation of state
with Boston–Mathias alpha function (PR-BM) was chosen to
estimate thermodynamic properties.

Fig. 2 provides the process owsheet. CO2 and H2 react in an
rWGS reactor to produce syngas, which is sent to a low-
temperature FT reactor. The FT gases are then separated and
upgraded via a ash separation train, whereas FT waxes undergo
HC in a hydrocracker. The resulting products enter a nal ash
separator that puries the e-jet fuel. In the next sections, we
describe each step of the production process in detail.

2.1.1. Feedstocks: green H2 and captured CO2

Green H2. Green H2 is produced from water electrolysis using
renewable electricity, according to eqn (1).
Sustainable Energy Fuels, 2022, 6, 4749–4764 | 4751
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Table 2 H2 and CO2 sources and H2 storage media for each e-jet fuel production scenario

Scenario H2 source H2 storage media CO2 source

1 Hybrid solar and wind-based
electrolysis

Type I tanks Coal-based power plant (C-PP)

2 Hybrid solar and wind-based
electrolysis

Salt caverns Coal-based power plant (C-PP)

3 Hybrid solar and wind-based
electrolysis

Type I tanks Natural gas-based power plant (NG-
PP)

4 Hybrid solar and wind-based
electrolysis

Salt caverns Natural gas-based power plant (NG-
PP)

5 Hybrid solar and wind-based
electrolysis

Type I tanks Direct air capture based on a high
temperature, liquid solvent system
(DAC-HT)

6 Hybrid solar and wind-based
electrolysis

Salt caverns Direct air capture based on a high
temperature, liquid solvent system
(DAC-HT)

7 Hybrid solar and wind-based
electrolysis

Type I tanks Direct air capture based on a low
temperature, solid sorbent system
(DAC-LT)

8 Hybrid solar and wind-based
electrolysis

Salt caverns Direct air capture based on a low
temperature, solid sorbent system
(DAC-LT)
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H2O % H2 + 1/2O2, DH ¼ +285.8 kJ mol�1 (1)

Other works assumed a xed location to compute the H2

cost. In contrast, here, we applied an existing modelling
framework, i.e., the gAWE model,24 to estimate the electrolytic
H2 cost in various locations, thus explicitly considering the
location-specic availability of renewable energy. The original
model, which focused on green H2 from solar power, was
extended to account for wind as an alternative energy source.
The H2 production plant encompasses solar PV and wind
Fig. 2 Flowsheet of the production process of e-jet fuel. Syncrude is pro
CO2 and H2. e-Jet fuel is then obtained from the separation of syncr
hydrocracker is implemented to process FT waxes and increase the fuel y
gaseous streams (red), liquid streams (orange), and wastewater (blue).

4752 | Sustainable Energy Fuels, 2022, 6, 4749–4764
facilities and the PEMEL system. The latter includes its BOP,
and electricity and H2 storage systems, i.e., batteries and Type I
tanks (or salt caverns), respectively. We consider the PEMEL
technology given its high TRL and market availability.30 The
uctuating nature of renewables is taken into account by esti-
mating the cost of storing electricity and H2 to guarantee
a continuous supply of H2 to the fuel production plant, which
substantially contributes to the NPC.23,24

The model, which is formulated as a mixed-integer linear
programming (MILP) model, evaluates the cost-based optimal
duced in a low-temperature FT reactor from the syngas obtained from
ude, according to the operating conditions depicted in the figure. A
ield. The colour coding for the streams after the FT reactor is as follows:

This journal is © The Royal Society of Chemistry 2022
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H2 production conguration considering raw materials and
energy consumption, equipment sizing, heat integration
requirements, and electricity and H2 storage capacities for
a given hourly-based production target. We consider the
production of 1 GWLHV of H2 (ref. 31–33) as input for the
chemical plant plus an additional amount for the hydrocracker
(see Fig. 2). We evaluated the production of green H2 in the ve
European countries for six different congurations; namely, (i)
solar-powered PEMEL with Type I tanks for H2 storage, (ii) solar-
powered PEMEL with salt caverns for H2 storage, (iii) wind-
powered PEMEL with Type I tanks for H2 storage, (iv) wind-
powered PEMEL with salt caverns for H2 storage (iii) hybrid
solar and wind-powered PEMEL with Type I tanks for H2

storage, and (v) hybrid solar and wind-powered PEMEL with salt
caverns for H2 storage. The MILP model was solved using GAMS
32.1.0 and the solver CPLEX 12.10.0.0. The hourly-based solar
PV and wind capacity factors (CF) were taken from renew-
ables.ninja34,35 for 2018. The model input data can be seen in
Appendix C, Table C-2,†while additional details can be found in
ref. 24.

Captured CO2. The concentrated CO2 required for electrofuels
production36 entails a different environmental impact and can
be obtained at various prices depending on the source. Thus, we
evaluated three potential sources of CO2, namely CO2 captured
from coal power plants (C-PP), natural gas power plants (NG-PP)
and CO2 recovered directly from the atmosphere – direct air
capture (DAC). The DAC technology is characterised by either
a high temperature, liquid solvent system (DAC-HT) or a low
temperature, solid sorbent system (DAC-LT). For CO2 from
power plants, a system expansion strategy is employed to deal
with the multi-functionality of electricity production. Data for
the capture processes were taken from existing literature
(Appendix B, Table B-4†).

2.1.2. Syngas production from CO2 and H2: rWGS reaction.
Syngas is a gaseous mixture primarily composed of H2, CO, and
traces of CO2. It is produced by the rWGS reaction taking place
at a high temperature:37

CO2 + H2 % CO + H2O, DH ¼ 41.2 kJ mol�1 (2)

In our case, we assume that syngas is obtained from CO2 and
H2 at 900 �C using a nickel-based catalyst.38,39 This catalyst was
selected due to its high activity and low cost compared to noble
metal-active phase catalysts.40

2.1.3. Syncrude production from syngas: Fischer–Tropsch
(FT) process. The FT process consists of polymerisation reac-
tions whereby CO2 and H2 are converted into liquid hydrocar-
bons.41 For the model, we consider the hydrogenation of CO to
form n-paraffins as the dominant reaction:

nCO + (2n + 1)H2 / CnH2n+2 + nH2O, n ¼ 1, 2,.,N (3)

We assumed here that the product distribution of the FT
reactions follows the Anderson–Schulz–Flory (ASF)
distribution:41

wn ¼ n(1 � a)2an�1 (4)
This journal is © The Royal Society of Chemistry 2022
wherewn denotes the weight fraction of hydrocarbons with carbon
number (or chain length) n, and a the chain growth probability.

Iron and cobalt are the preferred catalysts for FT industrial
applications.42 For this study, we consider a low-temperature FT
process (180–250 �C)43 using a cobalt catalyst44,45 (a ¼ 0.90–
0.95).46 This is because, for low-temperature FT processes
implementing cobalt-based catalysts, only unbranched alkanes
(CnH2n+2) are oen obtained as products.17 As far as methane is
concerned, it is well known that its selectivity is higher than
predicted by the ASF distribution.41 To take this into account,
we followed the approach by König et al.,39,47 which considers
a correction factor for methane (methane yield correction, wCH4

,
of 0.04 for a ¼ 0.95) based on an experimentally obtained FT
product distribution.48 Additional FT design parameters can be
found in Appendix A, Fig. A-1.†

2.1.4. FT wax hydrocracking (HC). HC is a catalytic
cracking process whereby the C–C bonds in aromatics and
olens, i.e., long hydrocarbon chains, are broken by the addi-
tion of H2 to yield naphthenes and alkanes.49,50

Hydrocracking of FT waxes, i.e., long paraffinic chains
(pC21),51 provides high-end middle distillates with low sulphur
and aromatics content.52 Regarding the catalysts, NiMo and
NiW supported on solid acids are particularly well suited for
producing middle distillates.52 However, Pd and Pt-loaded
catalysts, which have high hydrogenation/dehydrogenation
activity for heavy hydrocarbon cracking, could also be used
owing to the sulphur-free nature of FT waxes.51,53,54 Thus, we
considered a platinum-based catalyst supported on amorphous
silica-alumina in this work.53,55 The HC product distribution is
based on Calemma et al.54 (see Appendix A, Fig. A-1†).

2.1.5. Product separation and upgrading. In order to rene
the properties of the e-jet fuels, FT gases and HC products are
fed to a train of ash separators whose operating conditions are
adjusted to yield fuels with properties as close as possible to
those of commercial jet fuels. Hence, four ash separators were
implemented, as shown in Fig. 2.

2.1.6. Heat integration (HI). Process integration focused on
minimising mass and energy consumption can be applied to
improve the economic and environmental performance.56 In
this study, once the owsheet is built and utilities are assigned
in Aspen Plus, pinch analysis was conducted via Aspen Energy
Analyzer v11 (ref. 57) to determine the potential energy savings
of HI. For this purpose, the soware generates the composite
curve and evaluates the energy targets. In addition, a heat
recovery approach temperature (HRAT) of 10 �C was considered.
2.2. Life-cycle assessment (LCA)

Here, we applied LCA according to the guidelines given by
Brujin et al.58 to quantify environmental impacts. These are
linked to life cycle activities connected to the production and
utilisation of fossil jet fuel and e-jet fuel, including, in the latter
case, green H2 production. The LCA models were implemented
in SimaPro v9.0 (ref. 59) interfacing with Ecoinvent 3.5. The
modelling approach and assumptions are explained below.

2.2.1. Goal and scope denition. We considered a cradle-
to-grave approach, including both the life cycle emissions
Sustainable Energy Fuels, 2022, 6, 4749–4764 | 4753
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from the production and combustion of the fuels. The func-
tional unit is 1 kg of e-jet fuel produced and combusted. We
chose a mass-based functional unit following recommended
guidelines for carbon capture and utilisation (CCU).60 We dis-
regarded the environmental impacts associated with the
manufacturing of the PEMEL since their contribution to the
total impacts was found to be low.61–63

2.2.2. Life-cycle inventory (LCI). The LCI combines data
from the foreground system, i.e., mass and energy ows in the
Aspen simulation, and background system, i.e., surrounding
processes providing inputs to the main process. Information on
the foreground system was gathered from the gAWEmodel runs
(for the H2 feedstock) and the model simulation in Aspen Plus.
In contrast, data from the background system was retrieved
from Ecoinvent v3.5 (see Appendix B†). The LCI for fossil jet fuel
(BAU) production was collected directly from Ecoinvent v3.5.
The emission factors to account for fuels utilisation were taken
from Nojoumi et al.,64 as shown in Appendix B, Table B-2.†
Allocation at the point of substitution (APOS) was applied
because it includes both the impacts of the production and
treatment processes.65

2.2.3. Environmental impact assessment (EIA). On the
basis of the hierarchist cultural perspective,66 the ReCiPe 2016
framework67 was applied as implemented in SimaPro. We
focused our analysis on global warming potential (GWP) and
the three endpoint indicators, i.e., human health (HH),
ecosystem quality (EQ), and resource scarcity (RS), obtained by
aggregating different midpoint indicators, as follows:

� HH (DALY): global warming (HH), stratospheric ozone
depletion, ionising radiation, ozone formation (HH), ne
particulate matter formation, human carcinogenic toxicity,
human non-carcinogenic toxicity, and water consumption
(HH).

� EQ (species yr): global warming (terrestrial ecosystems),
global warming (freshwater ecosystems), ozone formation
(terrestrial ecosystems), terrestrial acidication, freshwater
eutrophication, marine eutrophication, terrestrial ecotoxicity,
freshwater ecotoxicity, marine ecotoxicity, land use, water
consumption (terrestrial ecosystems), and water consumption
(aquatic ecosystems).

� RS (USD2013): mineral resource scarcity and fossil resource
scarcity.
2.3. Economic analysis

2.3.1. Net production cost (NPC)
Green H2. The NPC of green H2 was calculated from the

capital expenditures (CAPEX) of the solar PV, wind and PEMEL
systems and storage options, based on the design capacities
obtained from the gAWE model. The OPEX was considered
negligible since raw materials (H2O, sunlight and wind) are
freely available, utilities (electricity) are modelled explicitly and
xed OPEX expenditures, such as labour cost, are low as well,
relative to other costs.24 The CAPEX corresponds to the xed
capital investment (FCI) of the H2 production plant. The
working capital (WC) was assumed to be 10% of the total capital
4754 | Sustainable Energy Fuels, 2022, 6, 4749–4764
investment (TCI).29 The TCI, i.e., the sum of the FCI and WC,
was then annualised according to the equation below:

ACC ¼ FCI

�
ið1þ iÞt

ð1þ iÞt � 1
þ i

9

�
(5)

where ACC represents the annualised capital cost, i, the interest
rate and t, the plant economic life. The second term of the
equation represents the WC.

Finally, the NPC of green H2 was calculated by dividing the
ACC by the annual production (AP), as shown below:

NPC ¼ ACC

AP
(6)

The NPC of H2 is expressed in USD per kg.
The cost input data required by the model can be seen in

Appendix C, Table C-2.†
e-Jet fuels. The NPC of the e-jets was obtained from the CAPEX

and OPEX associated with the fuel production plant. These
costs were calculated using the mass and energy ows obtained
from the model simulation in Aspen Plus. The purchased cost
(PC) of the conventional equipment units, i.e., heat exchangers,
compressors, separators, and pumps, was calculated using the
correlations given by Sinnot and Towler.68 On the other hand,
the PC of special equipment units, i.e., the rWGS reactor, FT
reactor, hydrocracker and burner, was obtained from eqn (7)
using the parameters listed in Appendix C, Table C-3.† All costs,
including raw materials, utilities, products, and equipment,
were updated to 2018 using price indices, as shown below. The
chemical engineering plant cost index (CEPCI)69 was applied to
all equipment units. In contrast, the World Bank Commodity
Price Data (The Pink Sheet)70 was employed in raw materials
and utilities.

PC ¼ PCref

�
S

Sref

�D

�
�
CEPCl2018

CEPClref

�
(7)

In the equation above, PC represents the purchased cost of the
equipment, PCref denotes the same purchased cost expressed in
monetary units of the reference year, S indicates the actual size
of the equipment, Sref reects the reference capacity of the
equipment, and D is a scaling factor. The CEPCI2018 is assumed
to be equal to 603.1.71 According to the Pink Sheet, for the same
year, the energy index is 85.48 and the non-energy index 83.72.70

The former is used to update utility costs and the latter to
update raw material costs.

The FCI of the fuel production plant and its total operating
cost (TOC) were estimated following the guidelines given by
Albrecht et al.29 based on the data presented in Appendix C,
Tables C-3 and C-4.† The FCI includes the purchased equip-
ment, installation, and further capital requirements in the
construction phase. The TOC encompasses raw materials and
utilities, costs/revenues from by-products, labour costs, main-
tenance costs, and other indirect costs.29 The ACC was obtained
from eqn (5), with the data in Appendix C, Table C-1.† Lastly, the
total annualised cost (TAC) and the NPC of e-jet fuel were
calculated as follows:
This journal is © The Royal Society of Chemistry 2022
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Table 4 Summary of mass flows and heat integration results for a 1
GWLHV H2 input plant

Mass ows

Streams Value Unit

Inputs
CO2 235.6 t h�1

H2 30.4 t h�1

H2O 72.8 t h�1

Air 121.1 t h�1

Outputs
e-Jet fuel 62.91 t h�1

Flue gas 153.102 t h�1

Wastewater 243.93 t h�1

Energy ows
Streams Value Unit

Inputs
Electricity 122.2 MW
Cooling water 246.1 MW

Outputs
e-Jet fuel 764.2 MW
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TAC ¼ TOC + ACC (8)

NPC ¼ TAC

AP
(9)

The NPC of e-jet fuel expressed in USD per Lfossil jet fuel-

equivalent was converted to USD per t per km, i.e., fuel cost per
load (in tonnes) and distance own (in kilometres). We
considered a conversion factor of 0.325 L per t per km for
2018.72–74

2.3.2. Abatement cost of carbon emissions. For e-jet fuel,
the cost of carbon avoided, i.e., the carbon tax required to bring
e-jet fuel up to the cost level of their fossil-based counterpart,
was calculated from eqn (10):

cost of carbon avoided ¼
���� NPCe-jet fuel �NPCfossil jet fuel

GWPe-jet fuel �GWPfossil jet fuel

���� (10)

here, GWP and NPC represent the global warming potential and
net production cost, respectively. The GWP of the fuels (kgCO2-eq

kgfuel
–1) is obtained from the results of the LCA at the midpoint

level.
2.3.3. Monetisation of LCA endpoints (externalities). The

monetisation of the LCA impacts allows the economic quanti-
cation of environmental damages. As done elsewhere,8,75–77 the
environmental impact indicators at the endpoint level were
monetised according to the following penalties,25 which values
were updated to 2018 using price indices.

� HH. A value of 7.4 � 104 EUR2003 per 1 DALY is assumed to
be the willingness-to-pay value for a life year with a minor risk
increase from involuntary exposure.

� EQ. A value of 9.5 � 106 EUR2003 per 1 lost species.year is
derived based on the share of our well-being that we are ready to
give up to protect ecosystems.

� RS. A value of 8.62 � 10�1 EUR2003 per 1 USD2000 is ob-
tained by converting USD2000 to EUR2003 considering ination
and the International Monetary Fund mid-year SDR exchange
rate for 2003.

2.3.4. Uncertainty analysis. Monte Carlo simulations were
conducted to study the impact on the NPC of key uncertainties.
To this end, 10 000 independent simulations were conducted for
the cheapest alternative of each scenario in Table 2, varying the
H2, CO2 and grid electricity costs. For each simulation, a normal
distribution with a standard deviation of 20% with respect to the
current costs was assumed, as suggested elsewhere.68
Table 3 Design capacities of H2 production plant equipment required for
assumed for solar-based H2, wind-based H2, and hybrid solar and wind-

Equipment

GB DE F

Solar
H2

Wind
H2

Hybrid
H2

Solar
H2

Wind
H2

Hybrid
H2

S
H

PV system (GW) 23.5 — 3.3 20.7 — 6.0 2
Wind system (GW) — 5.3 3.2 — 21.6 7.4 —
PEMEL (tH2

h�1) 159.2 56.9 49.1 173.0 76.1 69.4 1
H2 storage tanks or
caverns (t)

54 077 5342 3227 17 823 8086 6653 3

Electricity storage (GWh) — — — — — — —

This journal is © The Royal Society of Chemistry 2022
3. Results and discussion

In this section, the results of the process models are discussed
rst, to then focus on the environmental and economic results.

3.1. Process models

A summary of the design capacities of the equipment in the H2

production plant is given in Table 3, whereas the mass and
energy ows are shown in Table 4.

Focusing rst on green H2, we nd that in most of the
locations, i.e., GB, FR, ES and IT, the design capacity of PV
exceeds that of wind systems. This is because, in these loca-
tions, the annual CF for wind is higher than the one for solar PV
systems.

Regarding PEMELs, the lowest design capacity corresponds
to wind-solar hybrid systems due to the combined use of solar
and wind resources. The model chooses H2 tanks as storage
option for all locations due to the current prohibitively high cost
of Li-ion batteries, ca., 420 USD/kWh.78 The required capacity of
continuous production of greenH2. A total production of 30.4 tH2
h�1 is

based H2 at each location

R ES IT

olar
2

Wind
H2

Hybrid
H2

Solar
H2

Wind
H2

Hybrid
H2

Solar
H2

Wind
H2

Hybrid
H2

0.2 — 4.8 15.1 — 3.1 15.7 — 6.5
9.8 4.2 — 10.2 6.1 — 9.2 2.7

61.5 59.7 58.5 148.7 68.0 52.2 147.4 84.4 69.5
3 870 4670 3592 4507 5675 5978 6236 10 048 5196

— — — — — — — —

Sustainable Energy Fuels, 2022, 6, 4749–4764 | 4755
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the storage tanks is adjusted by the model depending on the
size of the solar PV, wind, and electrolysis systems.

Some of the most important properties of fossil jet fuel, and
the corresponding properties estimated from the simulation for
e-jet fuel, are shown in Appendix A, Table A-1.†

The energy analysis of the production process shows that the
heating demand, i.e., 363.5 MW, can be entirely fullled by heat
integration. Likewise, the cooling demand can be reduced by
Fig. 3 Green H2: LCA at the endpoint level + G: LCA at the endpoint
ecosystem quality, RS: resource scarcity. The figure shows the environme
wind (hybrid) power in the United Kingdom (GB), Germany (DE), Fran
methodology. Most of the environmental impact of H2 comes from the e
wind H2 and solar H2 show the lowest and the highest impacts, respect

4756 | Sustainable Energy Fuels, 2022, 6, 4749–4764
60% compared with the non-integrated process (i.e., from 609.7
MW to 246.1 MW). The electricity required for the fuel
production plant, i.e., 122.2 MW, is assumed to be taken directly
from the grid to avoid expensive electric batteries. As grid
electricity comes from different renewable and non-renewable
sources, there are different amounts of carbon embedded in
this electricity, depending on the location of the plant.
level + WP. GWP: global warming potential, HH: human health, EQ:
ntal impacts of the production of green H2 from solar, wind and solar-
ce (FR), Spain (ES) and Italy (IT), according to the ReCiPe 2016 LCA
lectricity used for the electrolysis of water. For the scenarios assessed,
ively. Furthermore, tanks show higher impacts than salt caverns.

This journal is © The Royal Society of Chemistry 2022
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3.2. Life-cycle assessment (LCA)

3.2.1. Analysis at the endpoint level + GWP: green H2. The
LCA results are shown in Fig. 3.

We start by analysing the environmental footprint of green H2,
themain contributor to the impact embodied in the e-fuel. Most of
the environmental impacts associated with green H2 come from
the electricity used in water electrolysis. The reason behind this is
Fig. 4 e-Jet fuel: LCA at the endpoint level + GWP. GWP: global warm
scarcity. The environmental impacts of the production and utilisation of e
are assessed based on the ReCiPe 2016 LCA methodology, for different
and Italy (IT). The major contributors to the environmental impact of e-jet
as e-jet fuel generally shows better performance in RS compared to fos

This journal is © The Royal Society of Chemistry 2022
the fossil energy embodied in solar panels and wind turbines.
However, the carbon footprint of solar PV and wind power is ex-
pected to decrease by 2050 compared to today's values by approx-
imately 90% and 70%, respectively.79 These reductions would
decrease the carbon footprint of electrolytic H2 substantially.

Overall, H2 from wind power outperforms both H2 from solar
power and H2 from hybrid power in GWP and all endpoint
categories.
ing potential, HH: human health, EQ: ecosystem quality, RS: resource
-jet fuel from different sources of CO2 and green H2 from hybrid power
locations: United Kingdom (GB), Germany (DE), France (FR), Spain (ES)
fuels are H2, CO2 and combustion emissions. There is burden-shifting,
sil jet fuel at the expense of worsening HH and EQ.

Sustainable Energy Fuels, 2022, 6, 4749–4764 | 4757
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Concerning H2 storage, tanks generate more impacts on HH,
EQ and RS than salt caverns for all locations. For GWP, the
impacts of Type I tanks and salt caverns are negligible
compared to the electricity needed for water electrolysis. The
environmental impact of Type I tanks is most notable in the RS
endpoint category due to the use of aluminium alloy. For the
modelling of salt caverns, only the impacts of compressing and
drying H2 have been considered, which happen to be low in the
categories analysed. Finally, although salt caverns would be
environmentally better than Type I tanks, their availability
could become an issue. Despite its potential for H2 storage in
Europe, subsurface salt structures should meet strict technical
criteria related to size, land availability and storage capacity,80,81

narrowing down the available options substantially.
3.2.2. Analysis at the endpoint level + GWP: e-jet fuel. Fig. 4

shows the GWP and endpoint-level results of the environmental
assessment of the production and utilisation of e-jet fuel at each
location, based on the scenarios described in Table 2. The
results of the midpoint-level assessment are shown in Appendix
D.† As seen, H2 from solar-wind hybrid systems is selected in all
scenarios as it is the cheapest alternative (see Fig. 5).

When comparing e-jet fuels with the BAU alternative, burden-
shiing, i.e., some impacts become milder at the expense of
worsening others, can be observed at both the endpoint and
midpoint levels. Overall, there is burden-shiing toward the HH
and EQ impact categories at the endpoint level. However, when
usingH2 stored in caverns, e-jet fuel can outperform the BAU in all
the impact categories for specic locations, i.e., ES, when CO2

from C-PP is utilised as feedstock. Regarding GWP, e-jet fuels
outperform the BAU in most locations when CO2 from power
plants and DAC-HT are used. Nevertheless, the production of e-jet
fuel in DE does not decrease in GWP compared to its fossil
analogue, mainly due to the current environmental burden
associated with green H2. Similarly, e-jet fuel from CO2 from DAC-
LT would only be benecial in FR.
Fig. 5 Green H2: NPC breakdown. The NPC of green H2 from solar ener
the cheapest H2 is obtained from a hybrid solar and wind system. In terms
a location perspective, the cheapest H2 would be produced in GB.

4758 | Sustainable Energy Fuels, 2022, 6, 4749–4764
In terms of the CO2 source, e-jet fuels from (DAC-HT) CO2 and
(DAC-LT) CO2 show a higher environmental impact than (NG-PP)
CO2 and (C-PP) CO2 onHH, EQ and RS. Thismeans that, owing to
their energy intensity,82,83 the DAC processes operated by both
high and low-temperature heat perform worse than point source
carbon capture. However, the high-carbon intensity energy
currently in use is expected to be progressively decarbonised over
the next few years.79,84 Moreover, it is worth noting that CO2

capture through DAC processes, unlike CO2 capture from power
plants, aims to close the carbon loop. Therefore, a large global
deployment of DAC technologies is expected in order to achieve
the environmental objectives foreseen for the coming decades.

Lastly, from the LCA results of green H2, e-jet fuel produced
from H2 stored in salt caverns shows lower environmental
impacts in all the categories than when using storage tanks,
regardless of the location.
3.3. Economic analysis

3.3.1. Net production cost (NPC)
NPC: green H2. The NPC of green H2 is presented in Fig. 5.
The storage of H2 in salt caverns is cheaper than in tanks, ca.

72%. H2 from hybrid energy is always the cheapest option, i.e.,
32–82% and 8–36% cheaper than solar-based H2 and wind-
based H2, respectively. Regarding the cost breakdowns, the
major contributors towards the NPC of H2 are the PV systems
and/or wind systems (36–84%) except for solar H2 in GB, where
the most signicant investment would be in H2 tanks (ca. 52%
of the NPC).

NPC: e-jet fuel. The NPC of e-jet fuel is presented in Fig. 6. H2

from hybrid solar and wind is considered for all scenarios, as in
the LCA. The CAPEX andOPEX breakdowns are shown separately
for the cheapest option of each scenario (marked with an *).

H2 stored in salt caverns is cheaper than H2 stored in tanks.
Consequently, e-jet fuels from the former are thereby cheaper
gy is higher than that from wind energy. However, for a given location,
of the storage of H2, tanks are more expensive than salt caverns. From

This journal is © The Royal Society of Chemistry 2022
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than those obtained from the latter, with externalities (i.e., 6–
18% cheaper) and without externalities (i.e., 4–13% cheaper).

As depicted in Fig. 6, e-jet fuels are much more expensive
than fossil jet fuel (BAU), i.e., 5.4–15.1-fold more costly, even
Fig. 6 e-Jet fuel: NPC breakdown. e-Jet fuels are currently more expen
the production cost. The main contributions to the NPC of e-jet fuels co
produced in GB using CO2 from coal-fired plants and H2 from hybrid so

This journal is © The Royal Society of Chemistry 2022
aer accounting for externalities, i.e., 2.3–6.8-fold more expen-
sive. The current NPC of fossil jet fuel is 0.17 and 0.49 USD per t
per km, without and with externalities, respectively.
sive than their fossil analogues even when externalities are included in
me from H2, CO2 and grid electricity. The cheapest e-jet fuel would be
lar and wind energy.
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Fig. 8 Carbon tax. A minimum carbon tax of 1125 USD/tCO2-eq would
be required to make e-jet economically appealing compared to fossil
jet fuel.
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Based on the economic performance excluding externalities,
the option from (C-PP)CO2 in GB has the lowest production
cost, with values of 0.93 and 1.02 USD per t per km, for H2 stored
in salt caverns and type I tanks, respectively. However, aer
accounting for externalities, the alternative from (NG-PP)CO2 in
FR is the cheapest option, with values of 1.16 and 1.33 USD per t
per km for H2 stored in caverns and tanks, respectively. For each
of the CO2 sources, e-jet fuel production in DE is the most costly
among the locations assessed, including and excluding
externalities.

OPEX is substantially higher than CAPEX in all cases, i.e.,
11.5–34.8-fold higher for H2 tank storage and 10.3–32.4-fold
higher for salt cavern storage.

In terms of the CAPEX of the plant, the FT reactor is the
major contributor, followed by the compressors and the
hydrocracker. Meanwhile, the most signicant contributor to
the OPEX is H2 and, to a lesser extent, CO2 and grid electricity,
except for (DAC-LT) e-jet fuel, where CO2 is themain contributor
to the NPC, followed by H2. It is important to mention that the
CO2 cost for DAC-LT is based on the only DAC installation
currently generating negative emissions, which is located in
Iceland.85

According to the NPC breakdown of e-jet fuels, H2 and CO2

are the main cost contributors; their shares range between 34%
and 84% for H2 without externalities (and 26–70% with exter-
nalities) and between 3% and 55% for CO2 without externalities
(and 2–43%, with externalities).

The cost of the fuel represents only 17.7% of the total oper-
ating cost of a passenger airline,86 as shown in Fig. 7. However,
the prohibitively high production costs of e-jet fuels, even when
Fig. 7 Breakdown of the operating costs of passenger airlines.
Approximately, 17.7% of the total operating costs of passenger airlines
comes from fuel cost. However, themajor contributor to these costs is
labour cost, which accounts for ca. 32.9% of them.86

4760 | Sustainable Energy Fuels, 2022, 6, 4749–4764
externalities are included, indicate that widespread deployment
of these fuels will not occur in the short term, given the drastic
reductions in captured CO2 and green H2 costs that would be
necessary to make them economically appealing.

3.3.2. Abatement cost of carbon emissions. As depicted in
Fig. 8, the abatement costs vary according to the CO2 source and
H2 storage option, in the range of 1125–275 770 USD/tCO2-eq,
excluding externalities. All these values lie well above the
current estimated social cost of carbon emissions (SCC), i.e., 37
USD/tCO2-eq, and mortality cost of carbon emissions (MCC), i.e.,
258 USD/tCO2-eq.

87
Fig. 9 Uncertainty analysis. Based on the given parameters, the NPC
of e-jet can go as low as 0.46/0.36 USD per t per km (from (C-PP)
CO2), 0.53/0.39 USD per t per km (from (NG-PP) CO2), 0.52 USD per t
per km (from (DAC-HT) CO2), and 1.11/1.03 USD per t per km (from
(DAC-LT) CO2), for tanks and salt caverns storage, respectively.

This journal is © The Royal Society of Chemistry 2022
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3.3.3. Uncertainty analysis. The results of the Monte Carlo
simulations are shown in Fig. 9.

The variance of the cost lies in the range of 0.46–3.27 and
0.36–2.96 USD per t per km for H2 stored in tanks and salt
caverns, respectively, indicating that the NPC of e-jet fuels has
a strong dependence on the cost of H2, CO2 and grid electricity.

Regardless of the H2 storage option, e-jet fuel from (C-PP)
CO2 is the cheapest alternative on average (1.02 and 0.92 USD
per t per km for storage in tanks and caverns, respectively),
followed by e-jet fuel produced using CO2 from NG-PP (1.13 and
1.03 USD per t per km), DAC-HT (1.13 and 1.04 USD per t per
km) and DAC-LT (2.14 and 2.05 USD per t per km).

4. Conclusions

This work presents a critical analysis of e-jet fuel production
from different sources of CO2 and green H2, using a wide range
of tools to evaluate its current economic and environmental
performance and elucidate the potential challenges for its
widespread utilisation. Based on our analysis, e-jet fuel is not
economically competitive against fossil fuel (i.e., at least 5.4-
fold the cost of the fossil counterpart), mainly owing to the high
price of green H2 and captured CO2, the two main feedstocks.
This holds true even when the monetised LCA endpoint
impacts, i.e., externalities, are added to the production cost;
however, the economic gap is reduced such that e-jet fuel is
found to be approximately 2.3-fold more expensive than the
fossil analogue.

For e-jet fuel to be economically competitive, a tax on CO2 of
at least 1125 USD/tCO2-eq should be imposed on the fossil
counterpart. This tax is equivalent to 30.4-fold the social cost of
carbon and 4.4-fold the mortality cost of carbon at present.
Thus, this is not deemed realistic.

From the environmental perspective, e-jet fuels could exac-
erbate some environmental categories. Whilst e-jet fuels mostly
outperform fossil jet fuels in terms of global warming potential
and resource scarcity, human health and ecosystem quality are
worsened, i.e., burden-shiing from resource scarcity towards
human health and ecosystem quality.

In view of the impact that CO2 and H2 have on the environ-
mental and economic performance of e-jet fuels, efforts should
focus on reducing their cost and impact, i.e., CO2 capture and
H2O electrolysis, respectively, especially with regard to the
electricity used, which is the most signicant contributor to
costs and environmental impacts (high carbon intensity at the
moment).

Salt caverns for H2 storage and CO2 from natural gas and
coal-red power plants have proven to be among the cheapest
alternatives; however, salt caverns are not universally available,
and the use of fossil CO2 as a feedstock is fundamentally
unsustainable. Hence, except for particular cases, H2 storage in
tanks and CO2 from DAC will be considered the standard for e-
jet fuel production plants requiring constant output.

As CO2 is also generated from burning e-jet fuels, where
fossil CO2 is used as a feedstock, this technology can only be
seen as an intermediate step towards a net-zero economy. In
this regard, carbon capture and storage/sequestration (CCS)
This journal is © The Royal Society of Chemistry 2022
and bioenergy with carbon capture and storage/sequestration
(BECCS) options should be evaluated as a possible way to
close the carbon loop and effectively remove CO2 from the
atmosphere.

The analysis presented in this study could be extended to
regions other than Europe. The production costs of e-fuels
would vary, depending mainly on the available energy
resources (i.e., solar radiation and wind speed)34,35 and the
investment risk associated with each region.88,89 Notwith-
standing this, e-fuels are not expected to be economically
competitive against fossil fuels using current technology. This is
mainly due to the high investment costs of green H2 and, to
a lesser extent, captured CO2 – the main raw materials for
producing e-fuels.

Overall, the results of our study indicate that if we have the
potential to deploy decarbonised energy, then it is better used to
displace higher-carbon assets from the grid rather than to
produce e-fuels. This work also highlights the importance of
assessing any new technology oriented to sustainability beyond
traditional economic and global warming potential indicators,
given the potential for environmental burden shiing.
Comprehensive assessments encompassing the economic
performance and the global overview of the potential environ-
mental impacts posed by any new technology will provide
amore comprehensive picture that will facilitate more informed
decision-making. Furthermore, we showed that accounting for
the intermittency of renewables as part of the feasibility
assessment of any project is key, given its strong impact on the
project costs.
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G. Guillén-Gosálbez and J. Pérez-Ramı́rez, Plant-to-planet
analysis of CO2-based methanol processes, Energy Environ.
Sci., 2019, 12, 3425–3436.

78 O. Schmidt, S. Melchior, A. Hawkes and I. Staffell, Projecting
the Future Levelized Cost of Electricity Storage
Technologies, Joule, 2019, 3, 81–100.

79 M. Pehl, A. Arvesen, F. Humpenöder, A. Popp, E. G. Hertwich
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