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ABSTRACT

The deployment of low-emission alternative fuels is crucial to decarbonise the transport sector. A number of
alternatives like hydrogen or dimethyl ether/methanol synthesised using CO, as feedstock for fuel production
(hereafter refer to “COx-based fuels”) have been proposed to combat climate change. However, the dec-
arbonisation potential of CO»-based fuels is under debate because CO, is re-emitted to the atmosphere when the
fuel is combusted; and the majority of hydrogen still relies on fossil resources, which makes its prospects of being
a low-carbon fuel dependent on its manufacturing process.

First, this paper investigates the relative economic and environmental performance of hydrogen (produced
from conventional steam methane reforming and produced via electrolysis using renewable energy), and CO,-
based fuels (dimethyl ether and methanol), considering the full carbon cycle. The results reveal that hydrogen
produced from steam methane reforming is the most economical option and that hydrogen produced via elec-
trolysis using renewables has the best environmental profile. Whereas the idea of CO,-based fuels has recently
gained much interest, it has for the foreseeable future rather limited practical relevance since there is no fa-
vourable combination of cost and environmental performance. This will only change in the long run and requires
that CO, is of non-fossil origin, i.e. from biomass combustion or captured from air.

Second, this paper address unresolved methodological issues in the assessment of CO,-based fuels, such as the
possible allocation of emissions to the different sectors involved. The outcomes indicate that implementing
different allocation approaches substantially influences the carbon footprint of CO,-based fuels. To avoid allo-
cation issues, expanding the boundaries including the entire system and is therefore recommended.
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1. Introduction

The transport sector accounted for 24% of the greenhouse gas
(GHG) emissions, 33% of the final energy consumption in the European
Union in 2015 [1], and it has been the only major sector with growing
GHG emissions since 1990 [2]. Within this sector, road transport con-
tributes to 73% of the CO, emission from fuel combustion [1]. The
strong need to decarbonise the road transport sector has been taken into
account in the European emission reduction targets: 60% reduction of
transport GHG emissions by 2050 compared to 1990 and 20% emissions
reduction by 2030 compared to 2008 [3,4]. To achieve these targets,
one key component of the current Commission's low-emission mobility
strategy is to replace fossil fuels by accelerating the deployment of low-
emission alternative fuels [2].

One alternative of low-emission fuels are those based on CO, (i.e.
CO,-based fuels, using captured CO, as feedstock for their production).
The concept of CO,-to-fuel has been investigated in the last decade as
one climate change mitigation option. With increasing number of pro-
jects on large-scale CO, capture from power plants or industrial facil-
ities (17 currently operating and five under construction worldwide [5],
large amounts of captured CO, will be transported and stored in geo-
logical formations. Besides carbon capture and storage (CCS), captured
CO,, could be used in the synthesis of chemicals and fuels. In contrast to
CCS, carbon capture and utilisation (CCU) can generate revenue that
can partially compensate high costs of capturing CO,. Moreover, uti-
lising CO, into fuels can contribute to the transitioning to a circular
economy, which aims to close material and energy loops to minimise
resource input, waste, and emissions. However, the decarbonisation
potential of CO,-based fuels is currently under debate [6]. The reasons
are the additional energy that is required for the transformation of CO,
into fuels and the short storage time of the CO, in the fuel (the CO, is
re-emitted to the atmosphere when the fuel is combusted).

There are many different CO,-based fuel routes under development,
including methane, slurry hydrogen, formic acid, sodium borohydride,
or metal hydrides. CO, hydrogenation into methanol is currently one of
the options most extensively researched [7,8] and already demon-
strated at bench- and pilot-scale plants in Asia and Europe ([9,10,11].
Other studies have suggested dimethyl-ether (DME) as a preferable CCU
alternative because it can be used as a direct and cleaner alternative to
diesel [12,13] and its market will likely grow [14-16]. Due to their
different technology readiness level (TRL," 8 in the case of CO,-me-
thanol and 4-5 in the case of CO,-DME) and their likeliness to replace
conventional fossil fuels, this paper elaborates on the potential of CO,-
based methanol and CO,-based DME as alternative transportation fuels.
The list of CO,-based fuels included in this paper is by no means ex-
haustive but examining all the different options is beyond the scope of
the work.

In regard to the environmental performance of CCU technologies
[19], there is currently scarce and dispersed information. Previous re-
search [20-23] has concluded that CO,-based fuels have indeed the
potential to offer emission reduction compared to their fossil-based
counterparts, but the significance of the potential differs between stu-
dies (Tablel). Comparing the results of these studies is very difficult or
even inconsistent, because they are based on different assumptions and
use different system boundaries and carbon metrics (Table 1). Although
the CO, capture unit is not always included inside the boundaries of the
system under assessment, it is usual to take into account a carbon credit
from the CO, utilised in the production of the fuels. Important to
mention is that none of the previous work considered the end-of-life
emissions, when carbon is re-emitted during fuel combustion (Table 1).
Hence, the previous analyses did not close the full carbon cycle. This
calls for a consistent comparison among different alternative fuel

L TRL: method of estimating technology maturity during the acquisition process
based on a scale from 1 to 9, being 9 the most mature technology [17], [18].
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options, based on the same assumptions, using uniform system
boundaries, equal metrics and closing the carbon cycle.

Besides CO,-based fuels, hydrogen is another alternative that has
been extensively investigated. Today, 192 fuel cell electric vehicles are
running in demonstration projects in Europe and 350,000 are planned
to be on the road by 2020 [24]. However, the majority (96%) of hy-
drogen still relies on fossil fuels. In 2008, steam methane reforming
(SMR) of natural gas accounted for 48% of the global hydrogen pro-
duction, 30% was produced during petroleum refining processes and
18% came from coal gasification [25]. Vehicles running on fossil-fuel
based hydrogen could result in large indirect fossil carbon emissions.
Earlier studies estimated that hydrogen production via conventional
SMR produces 75kg CO2eq/GJ [26], 81kg COeq/GJ [81], 99kg
CO,eq/GJ [82] or 67-112kg CO,eq/GJ [83]. Non-fossil based hy-
drogen only accounts for 4% of total hydrogen production (via water
electrolysis). Literature values of the carbon footprint of hydrogen
production via electrolysis range from 21 to 25 kg CO.eq/GJ (Bhandari
et al., 2013) to 37 kg CO»eq/GJ [26]. However, compared to SMR for
instance, electrolysis plants have seven times smaller capacity [27].
Due to the modular nature of the electrolysers, electrolysis of water
does not benefit from economies of scale. Given the size and scalability
of this option, it is not clear how much will contribute to climate change
mitigation.

To the best of our knowledge, no previous study has explored the
potential that CO,-based fuels have to compete with other alternative
fuels. Besides one-to-one comparisons with their fossil-based counter-
parts, it still remains unclear what are the most cost- and environ-
mental- effective alternative fuels for the transport sector. The first goal
of this paper is to investigate the relative economic and environmental
performance of alternative fuels for the transport sector: i.e. hydrogen and
CO,-based fuels (DME and methanol) using a coherent approach and
considering the end-of-life emissions. Although other alternative fuels
could be investigated, the four options selected allow gaining insights
into main bottlenecks and key hotspots that influence the relative
performance of alternative fuels for the transport sector.

Furthermore, from a methodological perspective, alternative fuel
systems can be equally or more complex than current fossil-based fuels.
An aspect inherent to such complexity in CO,-to-fuel systems is the
potential allocation of emissions to the different sectors involved. For
instance, allocation of emissions to the power sector producing the
emissions or to the CO, processing sector, converting the CO, into fuels.
The potential impacts of different allocation approaches have not been
previously discussed in the literature and remain a blind spot in the
performance analysis of CO, utilisation concepts. The second goal of
this paper is to evaluate the implications of different approaches for carbon
accounting in COz-based fuels, followed by recommendations from the
perspectives of technology developers, policy makers and life-cycle
assessment (LCA) practitioners.

2. Methodology

To achieve the goals of this study, four alternative fuel routes are
investigated:

— Dimethyl ether (DME) produced from CO, (CO,-DME)

— Methanol produced from CO, (CO,-methanol)

— Hydrogen produced from steam methane reforming (SMR-Hy)

— Hydrogen produced from water electrolysis using renewable energy
(electrolysis-Hs)

Fig. 1 shows an overview of the different assessments performed in
this study and how the two specific research goals are achieved. To
address the first goal of this study, i.e. assess the relative economic and
environmental performance of alternative transportation fuels, a technical
process design is developed and modelled for each alternative fuel route
(Section 2.1). The outcomes from process modelling are used as basis
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Table 1
Overview of previous environmental assessments on CO,-based fuels.
Utilisation product CO, capture CO,, credit End-of-life Environmental metric Study
Ethanol Yes Yes No Global warming —-25 kgCO2eq/GJ Christodoulou et al. [20]
Methanol Yes Yes No Global warming —28 kgCO2eq/GJ Christodoulou et al. [20]
Formic acid Yes Yes No Global warming —-69 kgCO2eq/GJ Christodoulou et al. [20]
Methanol Yes Yes No CO, abatement 60-80 kgCO,/GJ van-Dal and Bouallou [21]
Methanol No Yes No CO, not-produced 27 kgCO,/GJ Pérez-Fortes et al. [22]
Methanol No Yes No CO, avoided 100 kgCO,/GJ Pérez-Fortes et al. [22]
Formic acid No Yes No CO,, not-emitted 363 kgCO,/GJ Pérez-Fortes et al. [23]
Technical process modelling
(sections 2.1 and 3.1)
o - - om o me ome ome om we o owe owe p— S
| ' -
oal 1: assess relaiive
| Goal 1 lat

! Economic assessment. Environmental assessment. I economic and environmental

l Total fuel production costs GWP, NREU I performance of alternative

| (sections 2.2 and 3.2) (sections 2.3 and 3.3) | transportation fuels

I F ]

A 4

e -

b ——— -

ZEaN

A 4

Economic sensitivity analysis.
Influence input parameters to fuel
production costs
(section 4.1)

Environmental assessment
discussion. Influence of
alternative approaches to carbon
footprint of CO,-based fuels

(section 4.2)

Goal 2: assess influence of
different approaches for
carbon accounting in
CO,-based fuels

*GWP: Global warming potential, NREU: Non-renewable energy use SMR: Steam methane reforming, DME: Dimethyl ether

Fig. 1. Overview of the assessments carried out in this study and the specific research goals.

for a comparative assessment, which includes economic aspects (total
fuel production costs, see Section 2.2 for details in the methodology)
and environmental aspects (global warming potential (GWP), non-re-
newable energy use (NREU), see Section 2.3 for details in the metho-
dology). This integrated approach allows identifying trade-offs among
the costs and environmental burdens of the four alternative fuels in-
vestigated.

For the purpose of this analysis, the geographical location is as-
sumed to be the Netherlands and the energy content of each fuel, i.e. 1
GJ of fuel produced delivered at the factory gate is selected as basis for
the comparison. In order to explore the total impact in GHG emission
reduction, the system boundary for the economic and environmental
assessments includes the fuel production plant (“cradle-to-factory
gate”) plus the end-of-life phase for all four alternative routes in-
vestigated.

Defining the system boundaries in the assessment of primary pro-
duction is straightforward. The system boundaries in the hydrogen
routes include the “cradle” stage, i.e. extraction and transportation of
raw materials, energy production and supply, conversion steps until the
product is delivered at the factory gate and also the end-of-life emis-
sion, which is zero in the case of hydrogen. However, defining the
system boundaries and the “cradle” stage of CO, utilisation options is
usually a challenge. CO, utilisation technologies are not stand-alone but
part of a system (Fig. 2). In CO»-to-fuel systems, “waste” CO, is emitted
in a first life (e.g. a power plant) and then used as the carbon source in a
second life (CO, utilisation process, i.e. converting CO, into fuels). The
value chain for this study assumes that the CO, is the by-product of an
industrial process, e.g. production of electricity in a power plant. Thus
means that CO, would be emitted during electricity production
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regardless of the demand of CO,-based fuel. The COs-based fuel
therefore uses CO, that would be produced anyway, thereby avoiding
extraction of “fresh” fossil fuel.

The first life (CO, capture at a point source, e.g. a power plant) is
out of the scope of the baseline analysis of CO,-based fuels (details in
Section 2.3.1). To address the second goal of this study, i.e assess the
influence of different approaches for carbon accounting in CO»-based fuels,
the effect of considering the first life (e.g. electricity production in a
power plant) in the carbon accounting of CO,-based fuels is explored
the discussion Section 4.2.

2.1. Technical process modelling

The mass and energy balances and the equipment list of each fuel
production plant are obtained from process modelling. The production
processes of SMR-hydrogen, CO,-DME and CO,-methanol are modelled
in Aspen Plus software. Electrolysis efficiency and electricity con-
sumption per kW of hydrogen produced are used to develop the
spreadsheet model of hydrogen production via electrolysis (Section
2.1.2).

2.1.1. Hydrogen via steam methane reforming (SMR)

In the steam methane reforming (SMR) process, steam and natural
gas react at high temperature to yield carbon monoxide and hydrogen
(R.1). In a water gas shift reaction (R.2) additional hydrogen is re-

covered and CO, is produced.
CH4 ) + Hzo o) =CO @ + H2 @ (R.].)

CO (g + H20 (5 = CO2 ) + Ha () R.2)
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Fig 2. Assessment of CO,-based fuels. In this paper (see Section 2. Methodology), technical process modelling is carried out for the fuel production plant. The system
boundary for the economic and environmental assessments in the baseline analysis includes the fuel production plant plus the emission at the end-of-life. The first life

is out of the scope of the comparative assessment in the baseline analysis.

There is a wide range of reported capacities of large-scale SMR
plants (8-360 kt/a, [27]). A previous in-house model [28] of a hy-
drogen-manufacturing unit with a typical industrial capacity of 59 kt/a
[29] and validated with confidential data from a real refinery is used in
this study. Fig. 3 shows the scheme of the process modelling carried out
in Aspen Plus. Natural gas and steam are pre-heated to 410 °C and fed to
the pre-reformer, which operates at 560 °C and 30 bar. After the pre-
reformer, the gas stream is heated to 650 °C and fed to the reformer for
further catalytic conversion at 25 bar. The reformer products are cooled
to 350°C, delivering steam as a by-product. The water gas shift is
carried out at 25 bar in a high temperature reactor (400 °C) and in a low
temperature reactor (220 °C).

Water is removed before the reaction products are fed to a pressure
swing adsorption (PSA) unit (40 °C, 25 bar), where 90% of the hydrogen
is recovered at high purity (99.99 wt%). Heat integration is carried out
by feeding the PSA off gas into the furnace section of the reformer and
burned to aid the endothermic reaction. Moreover, the extra heat
available from the reformer flue gas is used to pre-heat the feed streams
and for steam generation. After heat integration, the flue gas is emitted
to the atmosphere.

2.1.2. Hydrogen via electrolysis
In an electrolysis process, water dissociates into hydrogen and
oxygen by applying a direct electric current (R.3). Hydrogen is obtained

at 20 °C, 30 bar and high purity (99%) [29]. Also oxygen is obtained at
high purity, which allows its sale without any further conditioning
[21,23]).

2 Hzo o= 2 H2 €3] + 02 (€3] (R.B)

Large-scale electrolysis plants produce about 20 kt/a of hydrogen
[27,30], which is approximately 35% of the production capacity of the
SMR unit (59 kt/a, [29]). Alkaline electrolysers are considered a mature
technology for large systems [23,27]. A large-scale electrolysis plant
with an output capacity of 125 MW, 80% of hydrogen mass efficiency
and electricity consumption of 1.43 kWe/kW H, [27] is modelled in a
spreadsheet. It is estimated that this electrolysis plant delivers 21 kt/a
of hydrogen and 166 kt/a of oxygen.

To be a true zero-emission process, the electricity used in hydrogen
production via electrolysis needs to come from a renewable source. In
the process model for electrolysis-hydrogen, it is assumed that elec-
tricity is produced from photovoltaics (PV) and bought from the
market, thus the PV panels are not included in the modelling. PV-
electricity is only produced during the hours that there is solar energy,
and therefore storage systems are required to ensure continuous hy-
drogen delivery when no sunlight is available. Weather data in the
Netherlands from 35 meteorological stations [31] is used to estimate
the number of hours of sunshine per day. Based on the irradiance
measurements and the values of sunshine duration per hour reported, a

PSA offgas
. T T Tttt
' '
1 1==-> Steam 7-» Steam E
|
Fluegas | : !
ol | |
[ i
NG )
ettt //R Steam Stean? /\
] NG ' Y ! generation generation X
'
Compressor {g}—?
Syngas
Steam ! Pre-heater Healter v
I

\_f/ !
' Pre-reformer
E \'\‘—/ Reformer
'

( ) e

Steam
generation!  gteam
'

PSA

Water
separation
H,0 H,

WGS-1

Fig.3. Hydrogen production via steam methane reforming. Process model developed in Aspen Plus. NG: natural gas; PSA: pressure swing absorption; WGS: water gas

shift.
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yearly average of six hours of sunshine per day is calculated. As hy-
drogen is produced during six hours a day, storage of 18h a-day is
needed to ensure its continuous delivery. A block diagram and a de-
tailed description of the storage system are available in the supple-
mentary information (SL. 1).

2.1.3. COx-based Dimethyl-ether (CO5-DME)

CO,-based DME can be produced in a two-step process based on dry
reforming of methane and CO, to syngas (R.4) followed by direct
synthesis of DME as described in the model of Schakel et al. [32].

C02 (5] + CH4 e — 2 CO (g + 2 H2 () (R.4)

Four simultaneous reactions occur in the direct synthesis of DME
i.e., conversion of syngas to methanol ((R.5) and (R.6)), water gas shift
reaction (R.7) and methanol dehydration (R.8). In the direct synthesis
process, efficient conversion to DME is achieved at a H,/CO ratio close
to 1 in the syngas. Methanol produced is directly converted to DME,
which induces extra methanol conversion and facilitates hydrogen
production in the water gas shift reaction. This allows a higher syngas
conversion rate than when only methanol synthesis is considered
[33,34].

CO (g + 2 Hy () = CH30H (g (R.5)
CO3 (g + 3 Hy (g = CH30H (g + H20 (5 (R.6)
CO (g + H20 (5= CO2 g + Hz () (R.7)
2 CH50H (g = CH50CH; () + H30 (g) (R.8)

Fig. 4 shows the modelling flow diagram of the synthesis of CO»-
based DME as modelled in Aspen Plus [32]. CO5 and methane are pre-
heated to 800 °C and fed to the dry reformer reactor. The syngas gen-
erated is compressed in three stages with intermediate cooling and
water removal to 79 bar and 250 °C. DME is produced in the direct
synthesis reactor without addition of extra heat. Impurities such as
methanol, water, CO,, CO, methane and hydrogen are present in the
stream outflowing the direct synthesis reactor. In a first distillation step
at 10 bar, CO,, CH,, CO and H, are separated at the top of the dis-
tillation column. A refrigeration cycle is needed to reach the low tem-
perature of operation in the condenser and meet the separation targets.
In a second distillation step, water and methanol are separated at the
bottoms. 188 kt/a of highly pure DME ( > 99.5%) are obtained. The
capacity of the CO,-DME process is limited by the large volumetric gas
flow compressed. The impurities separated in the distillation columns
are burnt in a furnace for heat recovery. The exhaust gases
( > 1500 °C) are used to pre-heat the CO, and methane feed and to
provide the heat for the dry reforming reaction. The flue gases from the
furnace are emitted to the atmosphere.

This model was developed as part of the EDDiCCUT project [35],
which was carried out together with partners belonging to academia
and industry. The model was subjected to a process of verification by

Applied Energy 236 (2019) 590-606

discussing in detail the assumptions and results with industrial partners,
which resulted in modifications of the original models.

2.1.4. COs-based methanol (CO,-methanol)

In this route, methanol is produced via hydrogenation of CO, (R.9).
Part of the CO, and hydrogen feed are consumed in a side reaction
towards CO and H,O (R.10). High selectivity is reached by recycling
back to the reactor the unreacted hydrogen and CO,.

CO, (@ + 3 H, @ = CH;0H [e3) + H,O @ (R.9)

CO, ) + Hp @~ CcO 5] + H,0 1) (R.10)

Fig. 5 shows the process modelling developed in Aspen Plus for the
synthesis of CO,-methanol. In this process model, the CO, stream is
compressed to 78bar in a four-stage compression train with inter-
mediate cooling and water removal. H, from electrolysis at 30 bar is
compressed to 78 bar and fed together with the CO, to the methanol
synthesis reactor. The heat released in the exothermic reaction is used
to pre-heat the feed stream to the reaction temperature (210 °C). After
exchange heat with the feed streams, the reaction products are further
cooled down to 30 °C and separated in a flash step. Unreacted hydrogen
and CO, recovered at the top of the flash vessel are recycled to the
reactor for further conversion. In a second flash step at atmospheric
pressure, further gas is separated. This off gas is burned in a furnace for
electricity production, which is used for feedstock compression. Water
and methanol are recovered as liquids at the bottoms of the flash se-
paration. Methanol is purified to 99.7 wt% in a distillation column
(1.2 bar, 30 °C).

The model of CO,-based methanol was also developed as part of the
EDDIiCCUT project [35], and verified with industrial partners.

A typical commercial-scale methanol plant has a capacity of about
450 kt/a of methanol [36], and demands about 90 kt/a of hydrogen as
feedstock. To contribute to CO, emission reduction, the hydrogen used
for CO»-methanol synthesis must be provided from a carbon free source,
such as water electrolysis using renewables [22]. However, there is a
clear mismatch between the amount of hydrogen that an electrolysis
plant can deliver (i.e. up to 20 kt/a, [27,30]) and the amount of hy-
drogen that a methanol plant demands as feedstock (i.e. 90 kt/a).
Commercial-scale methanol production will require distributed elec-
trolysis-hydrogen production with long distance transport of hydrogen
to the methanol plant. However, to become a cost-effective option, the
hydrogen needed for methanol synthesis should be produced on-site
[7]. Another option to produce the amount of hydrogen needed for
commercial-scale methanol production is to have several large-scale
dedicated electrolysis plants on-site. However, this also raises economic
challenges because electrolysers are modular equipment and therefore
they do not benefit from economies of scale. Following a conservative
approach, the modelling choice in this study is to establish the capacity
of the methanol process based on the amount of carbon-free hydrogen
available from one large-scale electrolysis plant (Section 2.1.2).

MeOH, H,0
CO,, CHy CO, H.
2, CHa, > @ {9—<}< CO,, CHy
I €O, H,
Syngas DME
—
Flue gas (CO,)
Exhaust gases
[ ittt 1
| Cooler
TN 5 TN
: _’®_. DME,
Int-cooler Int-cooler' MeOH MeOH,
Pre-heater Knock-out Kock-out H,0 | H0
N S ! 2
l "
CH Furnace ! I Dry reformer Direct DME
N [ Distillation-1 Distillation-2
H,0 H,0
Co,
—h

Fig.4. CO,-DME production process. Process model developed in Aspen Plus [32].
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l H, compression Distillation
methanol, H,0, CO,, CO, H,
0,

Fig.5. CO,-methanol production process. Process model developed in Aspen Plus.

Assuming that the electrolysis plant has the largest reported capacity
(125 MW, 20 kt/a [27]), a methanol plant of 102 kt/a is modelled.

2.2. Economic assessment

The production costs per GJ of fuel output are estimated as the sum
of the annualised capital expenditure (Capex), the operational ex-
penditure (Opex) plus a tax from the CO, emission (including the direct
emission during the fuel production process and the end-of-life emis-
sion):

Fuel production costs = Annualised Capex + Opex (1)

+ tax CO, emission

Capex estimates for chemical process plants are often based on the
purchase equipment cost (PEC) of the major equipment items required
for the process. In this study, equipment sizes and process conditions
from the technical models developed in Aspen Plus are the basis to
estimate the PEC, which is calculated using the Aspen Capital Cost
Estimator software. The contribution of each of the other costs to the
Capex is calculated by multiplying the PEC by an appropriate factor
(i.e. the factorial method of cost estimation, [37]). These factors are
based on the process industry experience and take into account typical
contributions of the installation of equipment costs, the costs of design,
engineering, contractor’s fee or project contingency costs. The factorial
method is here implemented using factors reported in chemical en-
gineering design literature [37]. Specific factors used in this study are
in the SI.2. The Capex is annualised assuming a plant lifetime (n) of
25 years and a discount rate (d) of 7.5% [38]:

dx (1+d)"

Annualised Capex =
d1+a)r-1

* Capex @

Electrolysers are not typical equipment of the chemical process in-
dustry and therefore Aspen Capital Cost Estimator is not used in the
estimation of their costs. For the large-scale electrolysers for hydrogen
production, an investment cost of 1200 €/kW and an operational life-
time of 15 years are assumed [39].

The Opex is the second component of the fuel production costs, and
includes the costs of raw materials, utilities, labour and other cost items
such as maintenance, plant overheads or capital charges:

Opex = Rawmaterials + Utilities + Labour + Rest 3)

Raw materials and utilities costs are estimated based on the mass
and energy flows from the simulation models and the prices reported in
Table 2. An explanation to the choice of these values and a complete list
of the prices of catalysts and auxiliary materials is included in the SI.2.
The influence in the fuel production costs to variations of these one-
point prices is explored in the discussion Section 4.1. All prices used are
in €5015 and adjusted for inflation (HCPI, [40]). A fixed exchange rate of
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Table 2

Materials and utility prices used for the baseline economic assessment. The
influence in the fuel production costs to variations of these one-point prices is
explored in the discussion section.

Material/utility Unit Price Source
CO,, as feedstock €2015/tonne 11.4 [44]
Natural gas €2015/GJ 10.8 [78]
Oxygen €2015/tonne 54.2 [23]
Electricity grid €2015/MWh 90 [79]
Electricity PV €2015/MWh 77.71 [80]
Cooling water €2015/m> 0.03 [38]
Steam high pressure €2015/tonne 34.0 [38]
Steam low pressure €2015/tonne 27.5 [38]
Feed water €2015/tonne 0.8 [38]
Wastewater treatment €2015/m> 1.1 [38]
Solid waste €2015/kg 0.04 [38]

1.1095 USD/€ [41] is used. Furthermore, it is assumed that the by-
products generated (low pressure steam in SMR-H, and oxygen in
electrolysis-H, routes, Section 2.1) are of enough quality to be sold
without any further conditioning. The revenues obtained by selling the
by-products are deducted from the total fuel production costs. Labour
costs included in the Opex are calculated based on the salaries of op-
erators and engineers in the Netherlands in 2015 [42,43], being the
number of operators and engineers needed estimated in Aspen Plus
based on the process flow sheet, type and pieces of equipment (SI.2).
The costs of the rest of the items contributing to the Opex are estimated
applying typical factors from the process industry [37]. Specific factors
applied are in SI.2.

The costs of CO, used as feedstock for the production of the CO,-
based fuels are also part of the Opex. While all the other materials and
utilities prices can be obtained from literature and statistics (Table 2),
estimating the price of CO, utilised as feedstock is not straightforward
because processes utilising CO, as feedstock are still under develop-
ment. The price of bulk CO, is typically agreed through private nego-
tiations between parties and in general it is not publically available
[44]. The price of CO, used as feedstock in the baseline is assumed at
the average of reported market prices (11.4 €/tonne, being the range of
reported values 2.3-19.5 €/tonne CO,, [44]. These CO, market prices
do not include the costs of carbon capture neither carbon taxes but
typically they include the costs of CO, transportation.

The CO, source (for instance, a power plant) is outside the CO,-fuel
system boundaries in the baseline analysis (Fig. 2). The baseline as-
sumes that the power plant pays for the capture of waste CO, to reduce
its emission and obtains revenues from selling this CO,. Large-scale
facilities such as power plants that install a capture unit are probable
price-takers in the market for CO,, particularly when there is a carbon
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tax on emissions [44]. However, leaving the capture unit outside the
CO,-fuel system boundaries in the baseline is a debatable choice. CO, is
needed for the synthesis of DME and methanol, which in turn can
provide revenues to the fuel producer when they are sold as transpor-
tation fuels. Therefore, it can be argued that the fuel producer is in-
terested in making the effort to capture CO,, and therefore should pay
for the capture costs. The effect of shifting boundaries including the
capture unit inside the CO,-fuel system, and therefore shifting the
capture unit costs to the CO,-based fuel is explored in the discussion
Section 4.1.

The third component of the fuel production costs (next to Capex and
Opex) is the tax from the CO, emission. These are the direct emissions
during the fuel production process (result of the technical modelling)
and the emissions at the end-of-life (based on combustion reactions).
The current emission allowance price (8.15 €/tonne CO, emitted; [45])
is used as CO, tax price in the baseline calculation. However, CO, tax
prices are expected to increase in the future as a consequence of more
rigid policy scenarios [46]. The effect of higher CO, emission tax to the
fuel production costs is studied in the discussion Section 4.1.

2.3. Environmental assessment

Ex-ante life cycle assessment (LCA) is carried out according to ISO
14040-14044 standards [47,48]. The goals of the LCA are to compare
the relative environmental performance of the CO»-fuels and hydrogen
and to investigate their potential to offer low-carbon intensities in the
transport sector. The functional unit selected is the energy content of
each fuel, i.e. 1 GJ of fuel produced. The scope is defined from cradle-
to-factory gate plus end-of-life phase (see Section 2.3.1). A life cycle
inventory is derived from the mass and energy balances of the technical
process modelling (SI.4). The background data are taken from the
ecoinvent v3.3 database [49], being the choices documented in the SI.3.
Current technology level is used for the background technological
coverage [49]. For the four product systems studied, global warming
potential (GWP) [50] and non-renewable energy use (NREU) [51] are
estimated.

Similarly as applied within the economic assessment, it is assumed
that the by-products generated are of enough quality to be used without
any further processing. Therefore the environmental impacts that
would have arisen from their production are considered as environ-
mental credits and directly deducted from the GWP and NREU. Impacts
of chemical plant infrastructure are excluded from the analysis because
they typically represent a minor share [52]. However, for the case of
hydrogen production via electrolysis using PV, the impact from the
manufacture of PV infrastructure may be significant [53]. The effect of
including PV infrastructure impacts is therefore explored in the dis-
cussion Section 4.2. Due to lack of data, the impact of the electrolysers
infrastructure is not taken into account in the environmental assess-
ment.

2.3.1. Methodological choices for the carbon footprint assessment of CO2-
based fuels

The assessment of the carbon footprint of COs-based fuels is not
straightforward. The partitioning of the carbon credit and the end-of-
life carbon emission burden when the lifetime of the carbon is extended
has been debated for long time when modelling the carbon footprint of
recycled products. However, life cycle assessment (LCA) practitioners
and its stakeholders have still not found a clear agreement [54,55].

The most common practice in assessing recycle products is to apply
the so-called “cut-off” approach ([51]; e.g. paper and aluminium re-
cycling, [56,57] production of bioethanol from waste paper, [58]). In
the “cut-off” approach, the first and second lives are treated as sepa-
rated product systems with their own boundaries and do not interact
(Fig. 2). Studies on CO, utilisation products typically implemented this
“cut-off” approach (e.g. production of calcium carbonate, [59] pro-
duction of formic acid, [22]; production of methanol, [23]). When “cut-
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off” is applied, the impact of capturing the carbon used as feedstock is
allocated to the CO, source (e.g. a power plant). CO, available to
produce fuels is free of environmental burdens. Furthermore, when
“cut-off” is applied the first life does not receive any credit for re-using
the “waste” CO, [60]. Former research (see Table 1) has frequently
assumed that the CO, utilisation product receives a carbon credit for
the CO, stored in the product but has not considered the end-of-life
emission, which can lead to inconsistency in the results.

For the assessment of the carbon footprint of CO,-based fuels in the
baseline of this study the conventional “cut-off” approach is selected. In
addition, it is assumed that the CO,-based fuels receive the carbon
credit from the carbon (temporarily) stored in the fuels, as commonly
done in the assessment of CO, utilisation technologies (e.g. [20,21,59]).
In contrast to previous research on CO, utilisation technologies, the
emission from the end-of-life is taken into account in the present study.
Following the “cut-off” approach, the baseline considers that the entire
carbon burden from the end-of-life emission (fuel combustion) is allo-
cated to the CO,-fuel.

The common practice of earlier studies on CO, utilisation products
is subjected to discussion, explained as follows:

— Allocating the impact of CO, capture to the first life is a consequence
of the common “cut-off” approach. However, the installation of a
capture unit is needed to obtain the CO, used as feedstock in the
synthesis of CO»-based fuels. Therefore, it can be sustained that the
CO,-fuel producer is pleased to make the effort to capture CO,, and
thus the capture impacts should be allocated to the CO»-based fuel.

— The usual assumption that CO,-based fuels receive a carbon credit from
the carbon (temporarily) stored in the fuels is controversial. On the one
hand, it follows “carbon removal” defined by PAS 2050 [61], if CO, is
considered a “waste”; this is also in line with the argument that the
physical flow of the carbon stays in the technosphere (i.e. the carbon is
not emitted to the environment). On the other hand, this decision is
inconsistent with the “cut-off” approach, where the physical flow of
carbon should also be cut-off. A further argument of this inconsistency
could be seen from the assumption that the impact of CO, capture is
allocated to the first life. When a power plant installs a capture unit to
lower its CO, emission, it is supposed to benefit from the no-CO,-
emission, power production. If the CO, credit is also attributed to the
fuels, the credit is actually double counted. Double counting is a fre-
quent error in modelling of recycled products [19,54].

- By utilising CO,, it is possible to retain carbon within a cycle.
However, neglecting the end-of-life emission in the assessment of
CO,-based fuels can be questioned because of the short lifetime of
fuels. CO5 is almost immediately re-emitted to the atmosphere,
when the fuels are combusted in the engine of the car.

Variations of these methodological decisions could substantially
affect the final carbon performance of the CO,-based fuels studied. To
assess the second goal of this paper, different approaches related to
carbon accounting and their influence on the carbon footprint of CO,-
based fuels are investigated in the discussion Section 4.2. Briefly de-
scribed here (this is more elaborated in Section 4.2), the different ap-
proaches investigated include:

— The CO.-fuel system boundary is shifted and contains the CO, capture.
Thus, the capture unit impacts are allocated to the CO»-based fuel.

— The carbon credits are allocated to the first life (a power plant).
Thus, the CO,-fuel does not receive any carbon credit.

— The end-of-life burden is shared between the first life (power plant)
and the second life (CO,-fuel) because the CO,, source is the first life.

— A “system expansion” approach is applied. The power plant, the CO,
capture unit and the COs-fuel are included inside the system
boundaries. With the “system expansion” approach, allocation of
carbon credits, capture unit impacts and end-of-life burden is
avoided.
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Table 3
Mass and energy balances per GJ fuel delivered at gate.
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Parameter Units SMR-H, electrolysis-Hz CO,-DME CO,-methanol
Output capacity GJiv/a 7.1:10° 2.510° 5.410° 2.1:10°
By-product Oxygen kg/GJ 0 66.6 0 80.2
By-product steam, LP GJ/GJ 0.3 - 0.007 0.2
Input materials

Steam HP, as feedstock kg/GJ 85.1 - - -
Natural gas, as feedstock kg/GJ 25.9 - 22.2 -
Water, as feedstock kg/GJ - 93.6 - 112.8
CO,, as feedstock kg/GJ - - 60.8 73.0
Other materials® kg/GJ 0.03 - 0.0003 0.004
Input energy

Electricity grid kWh/GJ 0.6 - 28 7
Electricity PV kWh/GJ - 479 - 397
Boiling water m3/GJ 0.098 - - -
Natural gas fuel GJ/GJ 0.2 - - -
Cooling water m®/GJ 1.5 - 2.7 3.5
Refrigerant kg/GJ - - 310° -
Direct emission and process waste

CO,, direct emission kg/GJ 73.5 0 55.5 5.1
Wastewater treatment m®/GJ 0.04 0.02 0.001 0.03
Solid waste to landfill kg/GJ 0.03 - 0.0003 0.004

@ Other materials: Catalysts; catalysts and zeolite in SMR-Ho; HP: high pressure; LHV: low heating value; LP: low pressure

3. Results
3.1. Technical process modelling

Table 3 shows the output capacity (GJ/a) and the mass and energy
balances per GJ of fuel delivered at the plant gate of the four fuel tech-
nologies, resulting from the process modelling. The process output capa-
city in energy terms (GJ/a) of electrolysis-H, and CO,-methanol are about
half of the output capacity of CO,-DME and one third of the output ca-
pacity of SMR-H, (see Section 2.1 for details on each process output ca-
pacity). Larger systems are probably more efficient, i.e. they consume
lower amounts of input material and energy per GJ, which could have a
positive impact in their economic and environmental performance (eco-
nomic and environmental assessment results are presented in Sections 3.2
and 3.3). Nonetheless, in the case of electrolysis-H, and CO»-methanol the
main input material is water and the main energy input is electricity from
PV using renewable energy. In contrast, SMR-H, and CO,-DME are based
on fossil resources, i.e. natural gas is used as feedstock in both processes.

A significant difference between the four processes is the amount of
electricity from the grid used. CO,-DME shows four times higher elec-
tricity demand than CO,-methanol, even when both processes require
high pressure for the synthesis reaction (79bar and 78 bar, respec-
tively). The reasons are the larger volumetric gas flow that needs to be
compressed in the CO,-DME process and onsite electricity production
after burning off gas in the CO,-methanol process, which partially
covers the electricity demand for CO,-methanol production. Most im-
portant, the CO, direct emission substantially differs in the four alter-
native fuels investigated. The direct CO,-emission in the production of
SMR-H, and CO,-DME is more than ten times the direct CO,-emission
in COs-methanol. CO, is emitted in SMR-H, and CO,-DME processes
after burning off gases for heat recovery (Figs. 3 and 4).

3.2. Economic assessment

Fuel production costs per GJ of fuel delivered at the plant gate are
shown in Table 4. SMR-H, and CO,-DME have comparable costs. From an
economic perspective, CO>-DME could be considered a promising CO,-fuel
route. In contrast, the fuel production costs of electrolysis-H, and CO,-
methanol are more than twofold the costs of SMR-H,. The CO,-methanol
route has the highest costs because it uses electrolysis-H, as feedstock to
convert CO, to methanol. After hydrogen production via electrolysis, the
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Table 4
Production costs per GJ fuel delivered at the plant gate. Capex,
emission taxes.

Opex and CO,

Parameter Units SMR-H, electrolysis-H, CO,-DME CO,-methanol
Capex € 1.9 7.5 2.1 12.9

Opex € 23.5 48.1 23.6 72.3

CO,, tax, process € 0.6 - 0.5 0.0

CO, tax, end-of-life € - - 0.5 0.6

Fuel production costs € 26.0 55.6 26.3 85.8

CO,-methanol route requires extra pieces of equipment and energy input,
which increases both Capex and Opex. Fuel production costs are dominated
by the Opex rather than by the Capex for all four alternatives investigated.

Fuel production costs also include taxes from the CO, emission. The
share of the CO, tax to fuel production costs is irrelevant at the current
tax price. Taxes from process and end-of-life emissions are < 4% of the
production costs of SMR-H,, CO5-DME and COs-methanol. The
International Energy Agency (IEA) estimates that the CO, tax price will
increase if more stringent policies are implemented to achieve emis-
sions reduction targets [46]. The influence of higher carbon tax to the
fuel production costs is investigated in the discussion Section 4.1.

A breakdown of the Capex is shown in Fig. 6. The Capex of CO,-
DME is comparable to the Capex of SMR-H,. However, the Capex of the
electrolysis-H, technology is four times higher than the Capex of SMR-
H, and CO»-DME; the Capex of CO,-methanol technology is six times
higher than the Capex of SMR-H, and CO,-DME. Electrolysers are the
largest contributors to the Capex of the electrolysis-H, and CO,-me-
thanol processes (91% and 64%, respectively) because they are mod-
ular equipment that do not benefit from economies of scale. The value
of the capital investment assumed for the electrolysers in the base case
is varied in the discussion Section 4.1 to quantify its impacts to the fuel
production costs. The contribution of pumps and compressors is sig-
nificant to the Capex of CO,-DME and CO,-methanol (49% and 13%,
respectively). CO,-DME and COs-methanol synthesis reactions are
carried out at high pressure, which requires several compressing stages.

Fig. 7 shows the breakdown of the Opex. Likewise the Capex, the Opex
of CO,-DME and SMR-H, are comparable; the Opex of electrolysis-H, is
twofold the Opex of SMR-H, and CO,-DME. CO,-methanol shows the
highest Opex among all alternatives studied. Electricity from photovoltaics
used in water electrolysis has the highest share to the Opex of electrolysis-
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Fig. 6. Comparison of the Capex breakdown of the studied alternative fuels.

H, and CO,-methanol technologies. Capital charges are other important
contribution to the Opex of electrolysis-H, and CO»-methanol, as a direct
consequence of the high capital investment of the electrolysers.

Natural gas used as feedstock in the synthesis of SMR-H, and CO,-
DME routes is the biggest contributor to the Opex of both processes. The
prices of natural gas and electricity from photovoltaics are varied in the
discussion Section 4.1. The contribution of CO, as feedstock to the
production costs of CO5-DME and CO,-methanol is not relevant at the
CO, feedstock price assumed in the baseline. The effect of higher CO,
feedstock price to the production costs of the CO,-fuels is quantified in
the discussion Section 4.1.

The economic results of the present study are compared with fuel

80

prices from the market and the literature (a review of these fuel prices is
available in SI.2).

— SMR-H, costs estimated in this study (26 €/GJ) are higher than the
costs reported in the literature (19 €/GJ reported in [26] and ex-
pected to be stable until 2030; 19 €/GJ is also the average of the
values reported in [27], being the range 18-23 €/GJ). A stand-alone
hydrogen unit with heat integration inside the hydrogen unit was
modelled in this study. In reality, hydrogen is produced in refineries,
and benefits from process and energy integration with the rest of the
operations inside the refinery. Moreover, in the economic assess-
ment the market price of natural gas and steam feedstocks was used.
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In a real refinery, natural gas and steam are often available based on

long-term contracts at lower prices.
— For electrolysis-H, costs, a wide range of values is reported in the
literature (35-66 €/GJ; [26,27,30]). The costs of electrolysis-H,
estimated in the current study (56 €/GJ) are within this range, al-
though close to the high end.
The use of DME as fuel could replace diesel given the similarities in
the characteristics of both fuels. Conventional DME and diesel
market price are similar (33-40 €/GJ, [62,63]). In this study, CO,-
DME costs are estimated at 26 €/GJ. CO,-DME can be an econom-
ically interesting alternative fuel under the baseline assumptions.
The economic competitiveness of CO,-DME could somehow be re-
duced at higher CO, feedstock and emission tax prices. The influ-
ence of CO, feedstock and emission tax prices to CO,-DME pro-
duction costs is quantified in the discussion Section 4.1.
Methanol could potentially replace gasoline. Conventional methanol
price is half of the gasoline price (16-22 €/GJ, [64] €/GJ [63], re-
spectively). COo-methanol costs estimated in this study (86 €/GJ) are
higher than gasoline price and four times the market price of con-
ventional methanol. The reason for the high CO,-methanol costs es-
timated in this study is the use of renewable hydrogen as feedstock.
Synthesis of COy-methanol from renewable-hydrogen is not an eco-
nomic viable alternative fuel at the current prices of electrolysers and
electricity from photovoltaics. The electrolysers capital investment
and PV-electricity price are varied in the discussion Section 4.1.

3.3. Environmental assessment

Fig. 8 shows a breakdown of the GWP of the four alternative fuel
options investigated per GJ of fuel delivered at the factory gate plus the
end-of-life phase. The results are compared with the GWP per GJ of
gasoline and diesel produced and also including end-of-life emission.

From Fig. 8 it can be appreciated that in both CO,-fuel options i.e.
DME and methanol, the CO, removal almost equals® the CO, emission

2 The carbon balance is closed considering that (i) in the synthesis reaction of
CO,-DME also natural gas is used, (ii) reaction efficiencies are not 100% and
(iii) there is direct CO, emission from the process flue gases.
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at the end-of-life. The direct CO, emission during the production pro-
cess has an important share in the GWP of SMR-H, and CO,-DME. The
net GWP of CO,-DME is similar to the GWP of fossil-based SMR-H,,
gasoline and diesel. From a climate change perspective, there is no
advantage in introducing CO,-DME as alternative fuel. The GWP of
CO,-methanol is less than 10% of the GWP of SMR-H,, gasoline and
diesel, but higher than the GWP of electrolysis-H,. CO,-methanol shows
emission reduction potential compared to SMR-H,, gasoline and diesel.
However, the use of electrolysis-H, as fuel is preferred than further
conversion of electrolysis-H, into methanol. Under the baseline as-
sumptions, electrolysis-H, shows a negative GWP due to the credits
from the generation of high quality oxygen by-product.

With the methodology used in the baseline, the CO,-fuels are ex-
empt from capture unit impacts, receive a credit from the carbon re-
movals and take the burden from the end-of-life emission (see Section
2.3.1). As shown in Fig. 8, CO, removals and end-of-life emission are
major contributors to the net carbon footprint of CO,-DME and CO,-
methanol. Different methodological choices can therefore cause a sig-
nificant variation in the carbon footprints of both CO,-fuels. The in-
fluence of alternative approaches in open-loop® recycling to the carbon
footprint of CO,-fuels is elaborated in the discussion Section 4.2.

Fig. 9 shows the non-renewable energy use (NREU) of the four al-
ternative fuels investigated. The net NREU values of SMR-H, and CO»-
DME are almost equal to each other and higher than the NREUs of
gasoline and diesel. The NREUs of SMR-H, and CO5-DME are domi-
nated by natural gas used as feedstock. Electrolysis-H, and CO,-me-
thanol have negative and nearly zero NREU, benefiting from the credit
of the oxygen by-product. In terms of NREU, electrolysis-H, is the
preferred choice.

3.4. Relative performance of alternative fuels

This paper aimed to compare the economic and environmental
performance of alternative transportation fuels. Table 5 qualitatively

3 Open-loop recycling refers to those situations in which the material of the
product system considered is partly or fully recycled into another product
system [65].
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Table 5

Assessment of alternative fuels for the transport sector in comparison to the
conventional fuels gasoline and diesel. The arrows indicate and increase or
decrease in the parameters compared to conventional fuels.

Parameter  Units SMR-H, electrolysis-H,  CO,-DME  CO,-methanol
Costs € 0 " | "
GWP kg COzeq | W 0 Wi
NREU GJ eq 1 W 1 W

summarises the outcomes of the economic and environmental assess-
ments, taking as reference conventional fuels gasoline and diesel. The
arrows indicate an increase or reduction in a parameter with respect to
the value of the same parameter for the conventional fuels. The number
of arrows indicates the magnitude of the difference in the parameter
between each alternative fuel option investigated and the conventional
fuels. When there is no significant difference, a zero is given.

Table 5 shows that all systems except CO,-DME offer GWP reduc-
tion potentials and two of them, electrolysis-H, and CO,-methanol,
both offer substantial NREU saving potentials. Nevertheless, there is no
clear winner. From the results of this paper none of these four alter-
native fuel options appear as the clear replacement to gasoline and
diesel. The results also indicate evident trade-offs between their eco-
nomic and environmental performance, which could explain their
limited potential deployment. This also could explain why the present
development trend in practice bets on electricity, rather than on these
alternative fuels [66-70]. Note that the focus of this paper was on the
potential for decarbonisation option, measured through GWP and
NREU. While the work does not only include CO, but also other GHG,
potential trade-offs in other environmental categories (e.g., water,
toxicity, raw material use) were not analysed. In this regard, more re-
search is needed to identify and further develop alternative fuel options
for the transport sector with apparent improved performance in both
economic and environmental aspects than current conventional fuels.

4. Discussion

A common challenge to ex-ante analysis is the lack of high-quality
data. Due to the exploratory character of this research, several as-
sumptions were taken to develop the baseline when there was no in-
formation available. Although this increases the degree of uncertainty,
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the use of data uncertain in nature is justified for the purpose of ex-
ploring new concepts, comparing different alternatives and identifying
potentialities and bottlenecks of novel fuel options prior to commer-
cialisation. In this section, the most critical assumptions are varied to
understand their influence to the relative performance of the four al-
ternative fuels studied. To address the second research goal of this
study, methodological concerns related to carbon accounting in CO»-
fuels are investigated and alternative approaches are explored.

4.1. Economic sensitivity analysis: Influence of economic input parameters
to fuel production costs

The energy prices, the CO, tax and the electrolysers costs assumed
in the baseline are subjected to change with time. Moreover, the price
of CO, used as feedstock in the CO,-fuel systems is different when the
capture unit is included inside the boundary. A sensitivity analysis of
the fuel production costs is carried out varying economic input para-
meters (Table 6):

— Natural gas price can decrease as a consequence of the abundant
production of shale gas after the emergence of new supplies. Shale
gas price [71] is used for the lower range of natural gas price in this
sensitivity analysis. However, natural gas price can also very well
increase. Industrial natural gas prices reported by IEA from 2009
were reviewed (SI.2). This review shows a difference of 30% be-
tween the highest and lowest prices. Thus, for the high range of the
sensitivity analysis, the natural gas price is set at +30% relative to
the value assumed in the baseline.

Table 6

Sensitivity analysis to economic input parameters. Range of values used.
Parameter Units Baseline Low range High range

value sensitivity  sensitivity

Natural gas price €/GJ 10.8 3.7 14.1
Electricity grid price €/MWh 90.0 63.0 152
Electricity PV price €/MWh 77.7 20.0 -
Electrolyser investment costs M€ 150 105 225
CO, tax €/tonne CO, 8.15 - 45.0
CO,, feedstock price €/tonne CO, 11.4 2.3 52.8
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— Electricity price increases about 60-80% when CCS is applied to all
power plants. An average of the increase in costs of different power
plants including CCS [72] is used as high range value for the sen-
sitivity analysis. A review of the electricity price for industry shows
a variability of 30% since 2009 (SI.2). The low range value of the
sensitivity analysis for the price of the electricity from the grid is
fixed at -30% of the value used in the baseline.

Previous prospective studies indicate that the price of electricity
from photovoltaics will decrease very fast. A review of PV-electricity
prices in 2015 and projected prices until 2050 is included in SI.2. A
value of 20 €/MWh of PV-electricity is used in the sensitivity ana-
lysis to account for the reduction in PV-electricity price for large-
scale industrial use in 2050% [73].

The high Capex of electrolysis-H, and CO,-methanol processes is
due to the investment costs of the electrolysers. The value assumed
for the investment of the electrolysers is varied in the sensitivity
analysis by —30%/+50% because this is the inaccuracy range of
the value used in the base case [74].

CO,, tax price is expected to increase in the future as a consequence
of more strict policy scenarios [46]. In addition to CO, tax schemes
already in place, the IEA “New Policies Scenario” includes the in-
troduction of new carbon pricing instruments where these have
been announced but not yet introduced. The CO, tax price estimated
for Europe in 2040 in the IEA “New Policies Scenario” [46] is used
in this sensitivity analysis.

In the baseline, CO, capture is outside the CO,-fuel system bound-
aries. It is assumed that the CO, feedstock required for the synthesis
of DME and methanol is bought at the average market price.
However, the prospect is that the market price for CO, will decrease
due to the likelihood of a growing global CO, supply surplus as the
carbon tax increases with strict emission regulation [44]. The lowest
reported value for CO, market price is used as low range value in the
sensitivity analysis.

When the CO»-fuel system boundaries are shifted and include the
capture unit, capture costs are also shifted and allocated to the CO,-
fuel. The costs of CO, capture vary from 28 to 109 €/tonne CO,
depending on the type of power plant and the technology applied.
The average of CO, capture costs included in an exhaustive report
on CCS demonstration projects that utilises data provided by the
industrial and utility members of the Zero Emission Platform [75] is
selected as high range value for the price of CO, as feedstock.

The sensitivity of fuel production costs to variations of economic
input parameters is shown in Fig. 10 (see SI.5 for complete results).
Electrolysis-H, could become an economically plausible fuel alter-
native, given that PV-electricity prices decrease as expected. Lower
electrolysis-H, costs are also achieved at reduced electrolysers invest-
ment costs. CO,-methanol fuel production costs are also sensitive to PV-
electricity price and electrolyser investment costs. However, even at the
at the lowest PV-electricity price and electrolyser costs assumed in this
sensitivity, the production costs of CO,-methanol are two to three times
higher than the costs estimated for SMR-H, and CO,-DME in the
baseline. CO,-DME production costs grow to 29 €/GJ when the capture
unit is inside the CO»-fuel system boundaries and to 31 €/GJ when the
CO, tax increases to 45 €/tonne CO,. Shifting capture costs to the CO,-
fuel or higher CO, taxes in the future do not play a role in the economic

4Scenario developed with a wide range of experts in three workshops.
Estimation based on: large-scale, ground mounted systems (> 100 MWp); 5%
(real) weighted average cost of capital; duplication of module efficiency (35%)
and largely PV-based energy system (PV provides 40% of global electricity
demand) in 2050. This is considered a conservative scenario of future cost for
PV electricity because it is based on crystalline silicon technology, which is
currently the most widely deployed technology in terms of installed capacity.
Possible technological breakthroughs in other solar photovoltaic technologies
might lead to lower cost.
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competitiveness of CO,-DME because its production costs remain lower
than the range of conventional DME and diesel market prices (33-40
€/GJ, [62-63]). The rest of the parameters investigated in the sensi-
tivity analysis do not show a noteworthy influence to the production
costs of any of the alternative fuels included in this study.

4.2. Environmental assessment discussion. Influence of alternative
approaches in open-loop recycling to the carbon footprint of CO»-based fuels

The conventional “cut-off” applied in the baseline environmental
assessment derives into allocation issues, and the choices made for the
baseline can be challenged (see Section 2.3.1). In this section, the
second research goal of this study is addressed by discussing three
methodological concerns when estimating the carbon footprint of CO,-
fuels:

— is it justified to include the carbon credit in the GWP of the CO,-
fuel?

— how to allocate the impacts of the carbon capture unit between the
power plant and the CO»-fuel?

— how to allocate the end-of-life burden between the power plant and
the CO,-fuel?

To investigate the influence of different approaches in open-loop
recycling, the GWP of electricity production at a power plant with CO,
capture (first life) and the GWP of CO,-methanol (second life) are es-
timated. A “system expansion” approach is here used to understand the
consequences of the introduced changes. With system expansion, the
two life cycles are included inside one system. Thus, the functional unit
following “system expansion“ includes the two products of the system.
For this exercise, the functional unit it is defined as 1 GJ of CO5-me-
thanol plus 0.3 GJ of electricity production. The definition of the
functional unit is based on the amount of CO, needed to produce 1 GJ
of methanol (73 kg CO, as feedstock, Table 2). This amount of CO, can
be captured during the production of 0.3 GJ of electricity at a power
plant (based on the models of [76].

Fig. 11 depicts a scheme of the entire system including 0.3 GJ of
electricity produced at the power plant, the capture unit, 1 GJ of CO»-
methanol production and the end-of-life emission. Fig. 11 outlines
possible allocation approaches inside the individual product systems,
i.e. electricity production at the power plant and CO,-methanol pro-
duction. Capture impacts, carbon credits and end-of-life burden could
be distributed between the first and second lives as follows:

A. The power plant makes the effort to capture CO, with the goal to
reduce its emission. The impacts of the capture unit are allocated to
the power plant and hence, it benefits from the carbon credit.
Compared to the baseline, CO»-methanol does not benefit from any
carbon credit. Besides, approach A assumes that the power plant
disengages after providing the CO, to the fuel producer. Thus, the
CO,-methanol producer is responsible for any emission that occurs
downstream the capture unit at the power plant. The entire end-of-
life burden is allocated to CO,-methanol.

. The CO,-methanol producer makes the effort to capture CO, be-
cause it is needed as feedstock for methanol synthesis. Thus, the
capture unit is included inside the boundaries of the CO,-methanol
system. The impacts of the capture unit are allocated to CO»-me-
thanol, and also the carbon credit. The burden from the CO, emitted
at the end-of-life is also allocated to CO,-methanol because the fuel
producer enjoyed the use of CO, as feedstock.

. The effort of capturing CO, is shared between the power plant and
the CO,-methanol producer. The impacts of the capture unit and the
carbon credit are therefore distributed between both. The end-of-life
burden is also shared because the CO, source is the power plant and
the CO, is used in fuel production. It is here arbitrarily assumed that
the capture unit impact, the carbon credit and the end-of-life burden
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CO,-DME costs arc +17% at a CO, tax price +450% realtive to the bascline value
CO,-DME costs arc +11% at a CO, feedstock price +360% realtive to the bascline value
CO,-methanol and SMR-H, costs are affected by <10% at +360% CO, feedstock price
or +450% CO, tax price relative to the bascline values
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Fig. 10. Influence of the economic input parameters to fuel production costs.

are equally shared. Thus, an allocation factor of 50% is used.

To contextualize the results of this exercise, the GWP of the baseline
and approaches A, B and C are compared to the GWP of business-as-
usual over the full life cycle, i.e. electricity production without carbon
capture and gasoline production. In addition, the results are also
compared to the GWP of electricity production at a power plant with
CCS and gasoline production. For consistency, the same functional unit
is used, i.e. 0.3 GJ of electricity (with and without CCS) and 1 GJ of fuel
(gasoline). The end-of-life emission from gasoline combustion is also
taken into account in the analysis. Full details of this exercise are de-
scribed in the SI.5.

The results of this exercise are shown in Fig. 12. At first glance, it
can be seen that the total carbon footprint for the entire system (power
with CO, capture and CO,-methanol) is the same regardless the ap-
proach taken (baseline, A, B or C). However, different approaches for
the allocation of the capture unit impact, carbon credits and end-of-life
burden between the first and second life products significantly influ-
ence the individual carbon footprints (power or CO»-methanol):

BASELINE. Allocation of carbon credits to the CO,-fuel in the
baseline inevitably derives into either double counting or into higher
carbon burden upstream. Double counting is a common error when
modelling recycled products [54], and lacks of logic from a physical
point of view. There is only one CO, stream and therefore it cannot be
removed twice, once by the power plant and once by the CO,-fuel
producer. Since double counting cannot be justified, under the baseline
assumptions the power plant makes the effort to capture CO, but it
cannot benefit from the no-CO,-emission power production (because
the credit has been assigned to the CO,-fuel). This would most likely not
be accepted by the power plant.

A. From a power plant perspective, it is reasonable to benefit from the
carbon credit because it is the one making the effort of capturing
CO,. Compared to the baseline, the GWP of CO5-methanol increases
when it does not benefit from the carbon credit and covers the entire
end-of-life burden. The GWP of CO,-methanol following this ap-
proach is similar to the GWP of gasoline.
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B. From a CO,-fuel producer standpoint, it would be preferable to ac-
cept the capture unit impact but be eligible to benefit from the
carbon credit. The GWP of CO,-methanol would be higher than in
the baseline but lower than following approach A.

. When the power plant and the CO,-fuel are both responsible of the
carbon credit and burdens, the GWP of CO,-methanol increases re-
spect to the baseline but lowers relative to approaches A and B.

Furthermore, Fig. 12 shows that a system including power plus CO»-
methanol production (baseline, A, B and C) provides 42% emission
reduction compared to business-as-usual, i.e. power without CO, cap-
ture plus gasoline production. Compared to power with CCS plus ga-
soline, the CO,-to-methanol system provides small emission reduction
(—8%), which might be overcome by the uncertainty in the analysis.
Note that these results are obtained excluding the impacts of PV in-
frastructure, as in the baseline the impact of the infrastructure for the
rest of the processes was also excluded (Section 2.3). However, Fig. 12
indicates that the GWP of CO,-methanol is highly sensitive to including
the impacts of PV infrastructure.

When PV infrastructure impacts are taken into account, the CO,-to-
methanol system shows only 14% emission reduction compared to
business-as-usual, and 35% higher emissions compared to power with
CCS plus gasoline. This large variation is due to the indirect emissions
related to the production of PV panels. The electricity supply option
assumed for PV production has been already identified as the most
influential parameter to the carbon footprint of PV-electricity, followed
by the heat input (Reich et al., 2011). The carbon footprint of PV-
electricity has a range of 0.06-200 gCO,eq/kWh depending on whether
the electricity input in PV production is based on renewables or fossil
fuels, and the heat input is obtained from combustion of fossil fuels
[84]. Other studies (e.g. [53]) estimate that the carbon intensity of PV-
electricity varies from 20 to 40 gCO,eq/kWh when PV panels are
produced in Europe to 80 gCO-eq/kWh when they are produced in a
coal-dominated economy like China. To investigate the influence of
including the impacts of PV infrastructure in the analysis (dashed
squares in Fig. 12), a value of 100 gCO,eq/kWh PV-electricity produced
in the Netherlands including infrastructure was considered [49], which
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falls within the ranges reported in the literature. PV panels used in the
Netherlands (geographical scope assumed for this study) are mainly
manufactured in energy-intensive processes in China using hard coal
electricity and heat [49]. Note that the effect of incorporating PV in-
frastructure impacts to the GWP of CO,-methanol could be minor at
other locations when using cleaner electricity and heat sources.

Finally, it is important to mention that this exercise was carried out
using the COs-methanol route. CO»-DME has substantially higher
carbon footprint than CO,-methanol and similar to diesel (Fig. 8).
Therefore, under the assumptions taken in this study, a system in-
cluding power and CO»-DME production has 2% higher emissions than
business-as-usual (electricity plus diesel), and 56% higher emissions
than power with CCS plus diesel (full results are in SI.5).
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The benefits and drawbacks of the different allocation approaches
(Fig. 11) can be exploited by stakeholders to fit different purposes. For
instance:

— From a CO,-utilisation developer’s perspective, the priority is to
reduce the carbon footprint of the CO»-fuel technology. The “cut-
off” approach corresponds to the business boundary. It focuses on
the CO»-fuel product system, does not require data outside the CO,-
fuel production process itself, and it can be easily implemented and
communicated. However, it simplifies open-loop allocation issues,
especially overlooking the implications to the first life (e.g. where
and how CO, is captured). In this exercise, CO,-methanol tech-
nology innovation will be promoted following the baseline and
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approaches B and C, but not under approach A because it has a GWP
similar to the GWP of gasoline.

From a policy maker’s perspective, the ultimate goal is overall
emission reduction. Existing trading schemes use principles are
analogous to the “cut-off” approach. Emissions are recorded from
individual producers and consequently responsibilities are particu-
larly assigned. In a “system expansion” approach, the entire value
chain is considered and therefore the efficiency of the overall
emission reduction can be analysed. In the CO,-to-methanol system,
the overall emission is reduced compared to business-as-usual but it
is similar to the reduction achieved by applying CCS and keeping
gasoline as standard transportation fuel. As a major downside, im-
plementation of the “system expansion” method in a policy context
is not straightforward since it requires data from outside the busi-
ness boundaries and therefore cooperation between different sec-
tors. Nevertheless, the use of comparisons at system level in the
development of environmental policy strategies is here suggested.
From the LCA community’s perspective, this exercise highlights that
the common practice in the assessment of CO, utilisation systems
should be carefully examined. The “system expansion” is re-
commended by the environmental specification PAS 2050 [61],
ILCD Handbook [54] or PEF guide [65]. With “system expansion”,
the entire system (power plant, capture unit, CO, fuel production
and end-of-life) is taken into account in the carbon accounting, thus
the full carbon cycle is assessed. The use of the “system expansion”
method in open-loop recycling is here encouraged, as it follows a
life-cycle-thinking perspective, avoids allocation issues raised when
applying “cut-off” and allows quantifying the real environmental
gains or impacts of incorporating utilisation options to established
systems.

4.3. Limitations and recommendations for further research

The results of this study serve as a preliminary indication of the

feasibility of alternative fuels with prospects for low carbon intensities
and help understanding their relative economic and environmental
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performance. Nevertheless, the following limitations in this study are
acknowledged:

The value chain in this study assumes that the CO, is the by-product
electricity production in a power plant. Thus, electricity is the main
product and the CO,-based fuel uses CO, that would be produced
anyway. The comparison of potential implications of main product
vs. by product was outside of the scope of the current paper. Further
research could make this comparison, since it is quite interesting
and not straightforward, especially from a consequential (LCA)
point of view.

Modelling fuel transport and distribution infrastructure was out of
the scope of this study. CO,-DME and CO,-methanol can use slightly
modified existing infrastructure because they are liquid fuels with
similar behaviour of conventional fuels. However, transport losses
can become relevant in the case of hydrogen. In addition, there are
currently few distribution networks for hydrogen, which makes its
transport and distribution costs extremely high [77]. As the use of
hydrogen becomes more spread, established distribution networks
will be available and costs will reduce to the level of conventional
fuels [77]. Further research could investigate hydrogen transport
losses and costs, and their variation in the future.

This study only took into account the theoretical emission for the
end-of-life; the actual emission is related to the type of engine.
Compared to combustion engines, hydrogen is converted at higher
efficiency in a fuel cell. The high efficiency of the fuel cell could
compensate hydrogen losses during transport. The engine efficiency
for CO,-DME and CO,-methanol is expected to be similar to each
other and to conventional engine efficiencies. Therefore the con-
clusions of this study about the decarbonisation effect of the CO,-
based fuels evaluating the full carbon cycle are not affected by as-
suming a theoretical emission.

This study assumed that the oxygen generated as a by-product
during water electrolysis was of enough quality to be used in in-
dustrial processes without any further conditioning. Based on that, it
was assumed that the oxygen by-product provided economic and
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environmental credits. Future research should investigate whether
the purity of oxygen from water electrolysis meets the specifications
to be competitive against industrial oxygen production.

The impact of the electrolysers infrastructure was not taken into
account in the environmental assessment due to lack of data.
Further research is needed to assess the influence of the electrolyser
infrastructure in the environmental performance of hydrogen pro-
duction via electrolysis.

Post-combustion CO,, capture at a fossil fuel power plant was used as
illustrative example. Using alternative carbon capture technologies
and other potential sources of CO, for the synthesis of fuels could be
further investigated. When the CO, is of non-fossil origin, e.g. from
biomass or from direct air capture there is no burden from the end-
of-life emission. The economically viability of these options remains
to be examined.

The impact of renewable energy intermittencies in the electrolysis
plant operation (start-up times) was disregarded in this study.
Furthermore, the yearly average approach is questionable for the
Netherlands (other locations might not be that affected). During
Dutch winter, there is virtually no PV-electricity production; all
output is concentrated in summer. To accommodate a continuous
production, large storage systems will be needed. The technical and
economic feasibility of large energy storage systems deserves further
research.

5. Conclusions

This study aimed first to gain insights into the relative economic and
environmental performance of CO-based fuels (dimethyl ether and
methanol) and fuel hydrogen produced via conventional steam me-
thane reforming or via electrolysis using renewables, considering the
full carbon cycle by taking into account the emission at the end-of-life,
when the fuel is combusted. The results show that among all the four
fuel options investigated, hydrogen production via steam methane re-
forming is the alternative with the lowest costs. Using electrolysis-H, as
transportation fuel is the most carbon- and energy- effective option,
being the challenges for a wide implementation of electrolysis-H, eco-
nomic in nature. This study concludes that whereas the idea of syn-
thesising CO,-based renewable fuels has recently gained much interest,
it has for the foreseeable future rather limited practical relevance since
there is no favourable combination of cost and environmental perfor-
mance. This will only change in the long run and requires that CO; is of
non-fossil origin, i.e. from biomass combustion or captured from air.

The second goal of this study was to elaborate the methodological
challenges of carbon accounting in CO,-based fuels, when the lifetime of the
carbon is extended. In the conventional “cut-off” approach the first life (CO5
source, e.g. a power plant) and the second life (CO,-fuel production) are cut
into two independent product systems that do not interact. The “cut-off”
approach has the advantage that fits well with the business boundary, it is
easy to implement and communicate. However, following the “cut-off”
approach only a part of the carbon cycle is taken into account, leaving the
CO, source and the capture unit outside the CO»-fuel system boundary. In
practice, this will mean that a power plant that installs a capture unit needs
to cover all capture impacts but cannot benefit from emission reduction
because the carbon credit has been assigned to the CO,-based fuel.

Different approaches to allocate the capture impacts, the carbon credit
and the end-of-life emission between the first life (e.g. power plant) and the
second life (CO,-fuel production) were explored. The outcomes of this study
indicate that the approach taken highly influences the carbon footprint of
the individual products (power or CO.-fuel production). Alternatively, the
“system expansion” approach includes the two life cycles in one system
(power and CO,-fuel production) and thus avoids allocation issues. The
results based on the “system expansion” approach show that the overall
carbon footprint of a system including power plus CO,-fuel production re-
mains invariable. Based on these results, the use of the “system expansion”
approach is encouraged in the investigation of CO, utilisation options. With
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this approach, the results can be contextualised and compared against other
systems with/without CO, utilisation. Thus, the “system expansion” ap-
proach allows a critical analysis of the potential emission reduction of dif-
ferent CO,, utilisation options, which fits with the broader context of global
climate change mitigation.
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