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EXECUTIVE SUMMARY

Concawe and Aramco have jointly commissioned this study, aiming to conduct a
techno-environmental (Part 1) and economic (Part 2) analysis of different e-fuels
pathways produced in different regions of the world (North, Centre, and South of
Europe, as well as Middle East and North Africa) in 2020, 2030 and 2050, with
assessments of sensitivities to multiple key techno-economic parameters.

The e-fuels pathways included in the scope of this study are: e-hydrogen (liquefied
and compressed), e-methane (liquefied and compressed), e-methanol, e-
polyoxymethylene dimethyl ethers (abbreviated as OMEs.s), e-methanol to gasoline,
e-methanol to kerosene, e-ammonia, and e-Fischer-Tropsch kerosene/diesel (low
temperature reaction). The e-hydrogen is considered a final fuel but also as a
feedstock for producing other e-fuels.

The study also includes:

- An assessment of stand-alone units versus e-plants integrated with oil refineries

- A comparison of e-fuels production costs versus fossil fuels / biofuels / e-fuels
produced from nuclear electricity,

- An assessment of the impact of intermittency and seasonality of renewable
energy supply on storage requirements, synthesis plant sizing and production
costs,

- An analysis of the context of e-fuels in the future in Europe (potential demand,
CAPEX, renewable electricity potential, land requirement, feedstocks
requirements)

- A deep dive into the safety and environmental considerations, societal
acceptance, barriers to deployment and regulation

The e-fuels techno-environmental assessment (Part 1) has been developed by
Concawe and Aramco, using the Sphera GaBi platform as modelling tool, and the e-
fuels economical and context assessment (Part 2) has been conducted by the
consultants LBST and E4tech, under the supervision of Concawe and Aramco. All the
assumptions are fully aligned between both parts of the study.

For the base cases, it is assumed that the e-fuel plant produces 1 million t of e-
diesel equivalent! per year. Hence, the nameplate capacities of hydrogen
generation via water electrolysis and downstream processes depends on the
characteristics of regional renewable electricity supply.

Techno-environmental assessment

In Part 1, a detailed analysis of the e-fuels production efficiency, energy
consumption, mass balance and carbon intensity of the produced e-fuels has been
conducted in the different regions and timeframes. In addition, sensitivity analyses
to relevant technical parameters, such as technology development, electricity
power sources (including the grid), carbon sources, carbon capturing location and
hydrogen transportation via hydrogen vectors have been included (section 1.7).

The detailed mass and energy balances per type of e-fuel and source of CO, is
included in Chapter 8.

" Based on conventional diesel EN 590
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For the base cases, a 100% concentrated (point) unavoidable CO, source is
considered in 2020 and 2030, while only direct air capture (DAC) is considered in
2050. The choice of 100% DAC in 2050 was made for the sake of compliance with
announced restrictions concerning the origin of CO, for e-fuels [EC 2022], and
assuming that the unavoidable and sustainable CO, sources in 2050 would be
limited. The summary of the assumptions made are included in section 1.5.
Sensitivities to a mix of concentrated CO, source and DAC are included in section
1.7.

Figure | shows that the energy consumption for e-fuels production increases
depending on the length and complexity of the synthesised molecules. The simplest
molecules, like hydrogen, require less energy consumption for their production than
the more complex ones. As an example, for fuels synthesised from air-captured CO,
(DAC), 1 MJ of FT e-diesel requires 2.4 times the energy needed to produce 1 MJ of
e-hydrogen, while 1 MJ of the more complex molecule e-OME;.5 needs 3.6 times that
amount.

Accordingly, the opposite trend is observed for the e-fuel efficiency, defined as the
ratio between the energy contained in the fuel and the energy used to produce the
fuel. The simplest molecule, e-hydrogen, has an energy efficiency of 75% driven by
the electrolysis efficiency (alkaline electrolyser). The efficiency continues to drop
as hydrogen is combined with nitrogen, carbon or oxygen to produce larger fuel
molecules. The reduction in efficiency from shorter to longer carbon chains does
not increase proportionally: The energy efficiency of the simplest fuel containing
a carbon atom, e-methane, is 52% when produced from air-captured CO, (DAC),
but it drops to 42% for more complex molecules like FT e-diesel or FT e-
kerosene. The lowest efficiency comes from to the e-OME;_s (OMEX), a non drop-
in fuel and exception compared to the other molecules, estimated at 28%.

Figure I:  Comparison of energy consumption and energy efficiency for e-fuels
production when using CO, from Direct Air Capture (DAC) and a
Concentrated CO, source (SMR) (Timeline: 2050)
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power transmission/distribution nor downstream fuel distribution are excluded.
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These values correspond to the cases with carbon capture from DAC in the 2050
timeline. If the carbon capture is obtained from a concentrated source, the Fischer-
Tropsch diesel and kerosene (FTD and FTK) efficiencies increase up to 51%, and for
polyoxymethyl dimethyl ethers (OME;s) they increase to 34%. The energy
efficiencies of the production pathways were improved by assuming heat
integration between the fuel synthesis and the carbon capture process, whenever
possible. Additional potential efficiency improvements, like heat recovery from low
temperature electrolysis, were not considered in the base cases.

In Figure Il we can observe that, taking North Europe as an example, the net GHG
emissions of the different e-fuels pathways in a Cradle-to-grave (CTG) basis are
around 4.3-6 gC0O,eq/MJ (except from the e-OME;s) and around 0.5 gCO,eq/MJ if
we only count emissions from Operation & Maintenance (O&M). The Well-to-Wheels
(WTW) emissions are almost zero because of the use of renewable energy for all
operations except power for distribution. These values are in the same order of
magnitude for all the e-fuels pathways, as e-fuels that are less energy-intensive to
produce (such as e-hydrogen) are more energy-intensive to transport than drop-in
fuels such as e-gasoline or e-diesel. The opposite can be observed when comparing
the costs of drop-in and non-drop-in e-fuel costs (see Part 2: Economic assessment),
because the cost of new infrastructure is relatively more impactful over the total
cost than their environmental impact over the lifetime GHG emissions.

In Figure Il we can also observe that GHG emissions are coming mainly from the
Electrolysis, with a share of roughly 65-80% of the CTG impact (except for OMEs.s,
where it accounts for around 40%). The emissions from Operation & Maintenance
(O&M) represent between 9-12% of the total CTG emissions (around 35% for OME;.
5). This means that roughly 90% of the total emissions from e-fuels are associated
to the infrastructure required, mainly for renewable electricity.

All the e-fuels pathways (except e-OME;.5) achieve a GHG reduction higher than
92% versus the fossil alternative (without emission reductions). All the e-fuels
pathways comply with the RED Il limit for ReFuNoBio (28.2 gCO,eq/MJ), which
mandates a 70% reduction in GHG versus the fossil reference defined in the RED I
(94 gCO,eq/MJ). This reduction is reached even considering a CTG basis. This might
suggest that some more economical schemes might be possible, which are not 100%
dependent on green power as the sole energy input but accept some use of fossil
energy while staying within the limit. However, any kind of fossil-green mixed
versions of e-fuels is out of the scope of this study. It is important to note that
the reduction rates assumed in the present study consider CTG emissions from
all feedstocks, including renewable electricity. If emissions from manufacturing
solar panels or wind turbines are excluded (i.e. not CTG basis), the GHG reduction
would be even higher.

e-OME;.5 GHG emissions are around 11.7 gCO,eq/MJ. The emissions are more than
twice the rest of e-fuels due to the higher complexity of the process that requires
more energy consumption, while still being compliant by far to the RED Il criteria
for sustainable e-fuels (28.2 gCO,eq/MJ). OME;s.s presents other benefits when
blending with diesel components such as the low soot and NO, emissions [Lumpp et
al. 2011] that could be considered for commercial fuel blending.
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Figure ll: Cradle-to-grave (CTG) GHG emissions of different e-fuel
pathways (Case: North EU, 2050 as an example. Rest of regions
and timelines are included in section 1.6.)
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* JEC WLT Study v5, GaBi Database / **Additional reduction if RED Il fossil fuel comparator
(94 gCO2eq/MJ) is used

Cradle-to-Grave (CTG) includes Operation & Maintenance emissions plus emissions from
building the infrastructure to produce the e-fuels, their feedstocks and their energy
requirements

2Qperation & Maintenance (O&M) includes Well-to-Wheels emissions plus emissions from
maintaining the infrastructure to produce the e-fuels, their feedstocks and their energy
requirements

3Well-to-Wheels (WTW) includes emissions from production, transport and use of the e-fuels,
their feedstocks and their energy requirements

In Figure Ill we show that the GHG emissions from Operation & Maintenance are
very similar among regions for all the e-fuels pathways in 2050 (around 0.5
gC0,eq/MJ for Northern Europe). However, the CTG values show lower levels in
North Europe (around 5.5 gCO,eq/MJ), followed by South (around 10 gCO,eq/MJ)
and Central Europe (around 12.5 gCO,eq/MJ) in 2050 for all the e-fuels pathways.
The highest values observed for Central Europe are due to the higher carbon
intensity of the available renewable power in the region. This results from the lower
full load hours of renewable electricity and the higher contribution of photovoltaic
renewable electricity (PV) versus wind renewable electricity. PV presents higher
CTG carbon emissions than wind electricity (2.6 to 6 times higher depending on the
region).

Long distance transport of fuels is mostly subject to the carbon intensity of the
fuel used for ship propulsion and is not expected to increase significantly the
GHG emissions of e-fuels. The carbon intensity of the electricity used for e-fuel
production will still be the most dominant factor.
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Figure llI: Cradle-to-Grave (CTG) GHG Emissions from e-fuels production
by region in Europe in 2050
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In Figure IV we see that a progressive reduction of CTG GHG emissions is observed
over time only for hydrogen and ammonia, while for carbon-based fuels they first
drop and then increase. As an example, for FT Kerosene the CTG GHG emissions
in gC0O,eq/MJ for the FT Kerosene go from 12.5 in 2020 down to 12.3 in 2030
and then up to 12.8 in 2050. This is due to opposite effects overlapping: On one
side, an improvement in electrolyser efficiencies and the generalization of the
use of e-fuels for maritime and truck transport, which favour a decrease over
time of H, supply and distribution emissions. On the other hand, the displacement
of concentrated sources of CO, by the use of DAC, which requires more energy-
intensive operations to capture CO, from the atmosphere and results in a net
increase of emissions by 2050. The contribution of Operation & Maintenance
remains stable over time (around 0.5 gCO,eq/MJ for FT kero) until 2050. The WTW
GHG emissions drop steadily until 2050 for all fuels as the emissions from the
additional renewable electricity required for DAC is assumed to be 0 on a WTW
basis. Sensitivities to this assumption are included in section 1.7.
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Cradle-to-Grave (CTG) GHG Emissions from e-fuels production
in Central Europe in 2020, 2030 and 2050
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synthesis.

Comparison of GHG emissions from Fischer-Tropsch kerosene
production from different CO, sources and different production
locations in 2050
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Note: NGPP = Natural Gas Power Plant

depicts the impact of switching to different CO, sources for e-fuel
In the Fischer-Tropsch kerosene pathway, the utilisation of a high CO,

concentration like steam methane reforming (SMR) pre-combustion off-gases
instead of CO, captured from the atmosphere via direct air capture (DAC), reduces
the GHG impact by 0.8 to 1.4 gC0O,eq/MJ depending on the geographical location.
The use of flue gases from a natural gas power plant (NGPP), less concentrated than
SMR off-gases but more concentrated than air, also reduces the GHG emissions by
0.4 to 1.0 gCO,eq/MJ.
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Other sensitivities are further analysed in the body of the report, such as the use of
different renewable energy sources, the use of CO, captured in Europe for e-fuel
synthesis in MENA, and the impact of using energy carriers to transport H, instead
of liquefaction, in a case where e-fuels are produced in Europe with hydrogen
coming from MENA (see Section 1.7.).

Economic assessment

In Part 2, a detailed analysis of the costs for e-fuel supply for 9 e-fuels for
4 geographies (North, Central, South of EU and MENA) and 3 timeframes (2020, 2030
and 2050) plus a series of key sensitivities have been taken into account, leading to
more than 100 assessments.

Figure VIl shows the costs of e-fuels produced in Central Europe and Figure VIl the
ones produced in MENA and transported to EU in 2050, as an example (for the other
regions and timeframes, see Chapter 2). The figures show that between 40% and
80% of the cost including electricity storage is coming from the renewable
electricity cost.

It also shows the strong correlation between energy requirements for e-fuel
production and associated costs. E-fuels that are less energy-intensive to produce
generally lead to lower costs of fuel production, such as e-hydrogen and e-methane.
However, subject to transport distance and mode, e-hydrogen and e-methane need
to be liquefied, thus increasing to the transportation efforts.

Based on the assumptions taken, this economic assessment of e-fuels towards 2050
shows that fuel supply costs across all regions (see Chapter 2) range between 1.7
and 4.6 € per litre of diesel-equivalent in the short term and between 1.4 and 2.8
€ per litre in the long term if the outlier OME, is excluded. For OME, the fuel supply
costs range between 3.2 and 6.8 € per | of diesel equivalent in the short term and
between 2.7 and 4.3 € per | of diesel equivalent in the long term.

Figure VII: Costs of e-fuels produced in Central Europe in 2050
3.00
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(1) Diesel price: 0.3 €/1 (2020) - 0.8 €/1 (2050), with crude-oil prices 40 €/bbl (2020) -
110 €/bbl (2050) taken from the EU Commission Impact Assessment [EU COM 2020]
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Figure VIII: Costs of e-fuels produced in MENA and transported to
Rotterdam in 2050
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Figure IX shows that Fischer-Tropsch e-kerosene (FTK) produced in MENA and South
Europe represent the lowest fuel costs, followed by Central and North Europe. This
is directly linked to the full load hours and the renewable electricity cost.

Note that for North Europe, 100% offshore wind has been taken into account
assuming that new additional e-fuels plants would rely on this source. In case of
using hydropower as primary electricity source, the e-fuel production cost in North
Europe would be lower.

Figure IX also shows that e-fuels costs produced in Central Europe are reduced with
time (20%) due to decreasing CAPEX for wind & PV plants, electrolysis, and
improvement of electrolysis efficiency despite lower availability of concentrated
CO, sources.
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Figure IX: Costs of Fischer-Tropsch e-kerosene, first part of the chart
refers to 2050 and the second to EU Central (as an example,
see the rest of the timeframes and regions in Chapter 2)
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In this chapter, the same H, and CO, buffer storage capacities have been assumed
for all regions. An evaluation of the impact of the regional weather conditions on
the size of the buffer capacities, and its cost, is conducted in chapter 4.

Sensitivities to key economic parameters

Figure X shows the sensitivities conducted. Electricity costs and discount rate have
a significant impact on overall fuel supply costs. 50% change of electricity supply
costs or discount rate assumptions resulted in about 25% supply cost. Other factors
investigated, such as transport type and distance inside or outside Europe, or e-fuel
plant size, have only marginal impacts (single-digit percentage points). The cost
impacts relative to the final production costs are very similar for 2020 and 2050
except in case of add-on CO, costs for CO, for e-fuels. In 2050 CO, from
concentrated CO, sources with CO, add-on costs have been applied as sensitivity
compared to CO, from direct air capture without CO, ad-on costs in the base case.
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Figure X: Sensitivity: impact of variation of selected parameters
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A deep dive into the e-fuels production cost when produced and imported to Europe
from further regions in the world, such as Australia and Chile, has been conducted
and is shown in Figure XI. The results show that for liquid e-fuels, even very long
transport distances lead to minor changes of e-fuel production costs, of similar
ranges as e-fuels produced domestically in South Europe. For e-hydrogen, long
distance transport of many thousands of kilometres significantly increases the
production costs.

Figure XI: Impact of geography. Imports of e-fuels to EU from further
regions
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Another relevant sensitivity analysis is the use of alternative carriers for H, import
to feed synthesis processes. The use of ammonia, methylcyclohexane and methanol
as H, carrier to feed synthesis processes leads to higher e-fuels production costs
(3.20 € per | of diesel equivalent for ammonia, 4.52 per | of diesel equivalent for
methylcyclohexane, and 2.93 per | of diesel equivalent for methanol as H, carrier
compared to 3.14 € per | of diesel equivalent in the base case).

Stand-alone plants vs. distributed e-crude plants vs. fully integrated plants

The comparison between a stand-alone e-fuel plant (all-new integrated plants for
hydrogen production, synthesis to e-crude, and final upgrading), a distributed e-
fuel plants (new hydrogen production and synthesis to e-crude units, and e-crude
upgraded in existing refineries) and a full integrated e-fuel plant (the hydrogen
production, synthesis to e-crude, and final upgrading is all fully integrated into an
existing refinery) is also reported.

Existing refineries can play a facilitating role in the energy transition to e-fuels.
These have been bulk consumers of hydrogen for decades and offer valuable
knowledge in many aspects of hydrogen infrastructure, storage and end-use.
Switching natural gas-based hydrogen production at refineries to hydrogen from on-
site electrolysis and/or supply via pipeline allows for an accelerated cost reduction
path of electrolyser capex and/or deployment of H, pipelines. The additional costs
for deploying several hundreds of megawatts of electrolyser capacity per average
refinery site are amortised over a product output of many gigawatts resulting in
marginal additional final product costs in the order of 0.005 €/lpieseleq [LBST
02/2016]. Furthermore, the existing refining assets can, in part, be used to upgrade
Fischer-Tropsch syncrude, allowing an efficient use of existing investments. Since
refineries are complex, have diverse configurations, and differ in terms of supply
infrastructure and products mix, refinery-specific feasibility studies are
recommended to assess opportunities in the field.

The difference between stand-alone and fully integrated plant into a refinery is
that there are no capital costs for hydrocracking, fractionation (upgrading),
utilities, and logistics in case of the fully integrated plant. Only OPEX is taken into
account for these processes. However, these capital cost elements in the total e-
fuel production costs have a low contribution (~3%). In 2050 the e-fuel production
costs range between 1.93 and 2.24 € per | of diesel equivalent for stand-alone e-
fuel plants and between 1.86 and 2.16 € per | of diesel equivalent for e-fuel plants
fully integrated into an existing refinery.
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Figure XII: E-fuels production costs comparison in a stand-alone,
distributed and fully integrated plant
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In the short to medium term there may be advantages in utilizing existing refineries
to minimize capital expenditure. There is a potential advantage of co-processing in
the early e-fuel development. The lower the CAPEX, the higher the probability for
a company to invest, aiming to have a return of invest in a shorter time.

In 2050, the CAPEX for the stand-alone FT plant without H, and CO, supply amounts
to about 1800-2000 million € including indirect cost. The CAPEX for the distributed
FT e-crude plant without H, and CO, supply amounts to about 1400-1500 million €.
The CAPEX of the FT plant fully integrated into an existing refinery without H, and
CO; supply amounts to about 1000-1100 million €2.

Comparison of e-fuel production costs versus fossil fuels, fuels
produced from nuclear electricity and biofuels

Based on the assumptions taken, the costs of e-fuel supply are higher than those for
fossil crude oil-based fuels, even in 2050 taking into account the improvement in
technology and the decrease in electricity costs. In 2050 the costs of e-fuels supply
ranges between 1.5 € per | of diesel equivalent for e-hydrogen and 2.8 € per | of
diesel equivalent for FT kerosene. The costs of crude oil-based diesel amount to
about 0.8 € per | of diesel equivalent in 2050 (for a crude oil price of 110 euro/boe)3.

Based on the assumptions taken*, nuclear electricity would result in higher e-fuels
production costs in 2020 versus PV or wind on-shore electricity if new nuclear plants
have to be built (except wind off-shore).

2 No learning curve has been applied to Fischer-Tropsch plant as the technology can be considered mature.
However, the capacity of the plants changes between 2030 and 2050 due to an increase of flexibility of the
FT plant leading to a higher CAPEX of the FT plants in 2050 than in 2020 and 2030.

3 According to crude oil price estimations in the EU Commission Impact Assessment SWD (2020) 177 final
[EU 2020]

4 [Areva 2014], [WNA 2018], [WNN 2018], [CourDeComptes 2012]
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Based on biofuel cost data in [IEA 2020], the production costs and GHG abatement
costs for biofuels are lower than those for e-fuels. In 2050, the production costs of
biofuels are expected to range between 0.3 € per | of diesel equivalent (lower limit
for bio-methane) and 1.1 € per | of diesel equivalent (upper limit for bio-methane,
Bio-FT kerosene, and 2" generation ethanol). The higher cost for e-fuels is
attributable primarily to the cost of green hydrogen production as compared with
biomass gasification. The FT process step is broadly the same for the e-fuel and
biofuel cases while the cost of producing green hydrogen is high owing to high input
electricity costs and, to a lesser extent, high capex (electrolysis). By contrast, the
capex of gasification plant is high while the input feedstock costs are relatively low.
Over time electrolyser capex is likely to fall (perhaps more quickly than gasification
plant capex), but while the cost of renewable electricity will also fall it is not
expected to match the lower costs of biofuel feedstock. However, this report
provides a high-level cost comparison between e-fuels and biofuels based on
acknowledged literature sources. It is neither designed to assess their cost
differentials nor differentials between costs and prices.

Figure XIlI: E-fuels versus biofuels production costs
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The GHG abatement costs for e-fuels are expected to decrease from about 480-
1350 in 2020 to some 390-780 €/t of avoided CO,-equivalent in 2050. The GHG
abatement costs for biofuels are expected to decrease from 30-500 €/t of avoided
CO, equivalent in 2020 to some 10-320 €/t of avoided CO, equivalent in 2050.



report no. 4/24

< Concawe Qramco

Figure XIV: E-fuels versus biofuels GHG abatement costs
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It should be noted that these abatement costs refer only to fuel supply (including
embedded carbon), without accounting for use-case efficiencies. For example, fuel
cell electric vehicles (FCEV) have a higher efficiency than internal combustion
engine (ICE) vehicles leading to lower abatement costs for hydrogen fuel. The
powertrain assessment has not been included as part of the scope.

Intermittency & seasonality of renewable energy supply

The intermittency of renewable electricity sources and the operational flexibility
of fuel production processes have a direct impact on the costs of e-fuel production.
In this study the degree of variability in renewable power supplies was explored
with focus on wind and solar power. The results of this analysis provided inputs for
the broad assumptions used in chapters 1 and 2 including the mix of PV and wind,
the amount of renewable curtailment, and the size of storage elements. These
include electricity storage based on battery systems, hydrogen storage, and CO2
storage necessary for e-fuels production along with the cost impacts of production
flexibility.

PV and wind are intermittent, but complementary to a large extent. Site-specific
co-optimization allows to smooth the electricity supply. The PV/wind ratio for least-
cost production is driven by the combination of multiple parameters, including
CAPEX for the different system facilities (PV and Wind power plants, buffer storage
of electricity, H, and CO,, electrolysis plants and synthesis processes) and the
equivalent full load hours. The CAPEX values for renewable electricity and for
various components of the e-fuel plant change over time, leading to different
PV/wind ratios also evolving over time.
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Figure XV shows, for Central Europe, the average amount of curtailed electricity
across all operational points and fuels, which is about 5.8%. The level of curtailment
decreases when the operational flexibility of the synthesis units increases. The
study shows also that in North Europe the curtailment amounts to only 2.6% on
average across the range of fuel and conditions modelled. In MENA, the average
electricity curtailment across all fuels and all operational conditions is around 6.6%.
In South Europe the inflexible cases see a much higher degree of curtailment due
to the impacts of periods with low wind speed and low solar irradiation in renewable
production leading to overbuilding of assets, with an average of around 6.7%
electricity curtailed across all fuels below a minimum part load of 60%.

Figure XV: Electricity curtailment in Central Europe (2050)
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As shown in Figure XVI, the hydrogen storage capacity required depends on the
flexibility of the downstream synthesis processes, such as the maximum change rate
in hourly production and the minimum part load. This is also valid for the CO,
storage capacity. The higher the flexibility of the downstream synthesis process,
the lower the hydrogen and CO, storage requirements. Furthermore, the
characteristics of renewable electricity supply over time also influence the H, and
CO, storage requirements. The study shows that a higher PV share is related to
higher H, and CO, storage requirements, except in regions with regular daily
irradiation (batteries for day/night balancing). In most regions, increasing flexibility
by 30%-points reduces the storage capacity requirements to less than a half.
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Figure XVI: H, storage requirements (Fischer-Tropsch Kerosene, 2050)
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The study shows that, in general, as operational constraints become more flexible,
the capacity of the synthesis plant increases with its load factor correspondingly
decreasing. This is because the plants need to be oversized to allow higher
production in times of high renewable energy availability, and compensate for lower
production in times of lower renewable energy production in order to achieve the
targeted annual production volume. The final capacity of the plant is a result of the
balance between costs and load factors on all the different components in the
system.
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The study also demonstrates that a significant cost reduction in fuel production can
be achieved with moderate flexibility of synthesis technologies. In case of Central
Europe 70-85% of the cost reduction potential can be achieved by moving the
minimum part load from 80% down to 40%.

Context of e-fuels in the future of Europe - potential demand and
feasibility

Technical potentials for renewable power production in Europe (>22,000 TWh/yr,
as estimated in Section 5.1) is a factor of seven of today’s (~3000 TWh/yr)
electricity demand and thus exceeds the foreseeable energy demand for all energy
uses in a carbon-neutral future in principle. However, this is subject to social
acceptance of the significant infrastructure that would have to be built. The
technical potential in other regions of the world such as MENA is even greater but
bring with it geopolitical and energy dependency risks.

High and low explorative scenarios for e-fuels developed for this project suggest
that demand for e-fuels in Europe could be in the range between 63 and 115 million
tons of oil-equivalents (or 733 and 1337 TWhg,ei, 1y, respectively). The low case is in
line with the IEA World Energy Outlook 2022 estimates for e-fuels while the high
case assumes that the remaining fossil fuels and biofuels in the IEA WEO scenario
are also replaced with e-fuels. This would require the deployment of 278 to 1,531
GW of newly installed renewable generation capacity depending on the geographic
distribution, generation mix, and demand scenario chosen. Gross land use
requirement for this is significant, around 0.1 million km?2, but it represents only
around 2% of the total usable European land area (a little over 4 million km?). The
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CAPEX required to deliver this amount of e-fuels process plant and associated
renewables would lie in the range €1 - 2.3 trillion or the equivalent of an annual
investment of between 0.2 and 0.6% of EU GDP. This level of expenditure is
consistent with other estimates (e.g. [McKinsey 2020]) of the investment required
to achieve net zero, and also with that of other major infrastructures (e.g. the 5G
mobile network is estimated at €0.3-0.5 trillion).

The challenge involved in meeting e-fuels demand in both the high and low
explorative scenarios is significant. Vast amounts of investment are required, and
sizable amounts of resources must be mobilised, but it seems to be technically
feasible. For example, the low and high explorative scenarios derived from IEA in
this study result in a renewable electricity demand of 1319 TWh (low scenario) to
2805 TWh,, respectively, which compares to a technical renewable electricity
production potential of some 22,000 TWh/a in Europe. The main limitation to
exploit the significant renewable electricity potentials in Europe may be social
acceptance of mass deployment of wind and solar power plants, but not the
technical renewable power production potentials. Besides this, suitable sources of
CO, are needed as feedstock for electricity-derived synthesised hydro-carbonaceous
fuels. Use of concentrated CO, sources lead to lower overall fuel costs and higher
e-fuel production efficiency, making it an interesting option until 2030 when
technologies for direct air capture (DAC) are not yet available at-scale and
availability of unavoidable CO, sources is foreseen [Concawe 2019, p 46f].
Availability of industrial CO, sources, such as from steel production or cement, is
set to change with novel production pathways, increased recycling efforts, and a
general move towards a more circular economy towards 2050. By then, direct air
capture is to take a higher contribution.

Specific water demand for electricity-based fuels is negligible compared to water
demand for energy crops (few litres versus several thousand litres of water per litre
energy-equivalent [UBA 2022]). The use of dry cooling towers and/or closed-loop
water cycling is recommended (where needed) to minimise net water demand.
Some direct air capture technologies also provide water that can further reduce the
net water demand from PtX plants. For regions that are prone to, or already face,
water-supply stress, such as MENA region, the net water demand of the e-fuel plant
must be supplied by seawater desalination plants (less than 1% of e-fuel total costs).
Despite the low specific water footprint, PtX production plants at-scale are
significant point water consumers. Diligent assessment of water supply, demand,
and reservoir characteristics are a relevant part in the preparation of environmental
and social impact assessments (ESIA) accompanying plant approval processes.

A deep dive into the safety and environmental considerations, societal acceptance,
barriers to deployment, regulation and new technologies is also included as part of
the study (see Chapter 5).
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1. TECHNO-ENVIRONMENTAL ASSESSMENT

1.1. BACKGROUND

Climate change and environmental degradation are an existential threat to Europe
and the world. To overcome these challenges, the European Green Deal’ will
transform the European Union into a modern, resource-efficient, and competitive
economy, ensuring zero net emissions of greenhouse gases by 2050.

Concawe, in partnership with Aramco, aims to assess the technology developments
across different transport sectors and the EU refining system with the potential to
contribute to these EU long-term decarbonisation goals, where the potential role of
e-fuels was identified as one of several promising technologies.

A series of reports in this area was published in 2019 by Concawe:
e [Concawe 2019 Refinery 2050] Exploring the potential replacement of crude oil

in EU refineries by Low Carbon Feedstocks, such as lipids, biomass, and e-fuels

https://www.concawe.eu/publication/refinery-2050-conceptual-assessment-
exploring-opportunities-and-challenges-for-the-eu-refining-industry-to-
transition-towards-a-low-co2-intensive-economy/

e [Concawe 2019 Role of e-fuels in the European transport system - Literature
review] https://www.concawe.eu/wp-content/uploads/Rpt_19-14.pdf

However, Concawe and Aramco identified some missing points that motivated
taking a further step to better understand the e-fuel technologies and the economic
impact of their domestic production compared to the option of importing them from
other regions in the world.

Concawe and Aramco have jointly commissioned this study. It proposes a techno-
environmental (Part 1) and economic (Part 2) analysis of different e-fuels pathways
produced in different regions of the world (North, Centre and South of Europe,
Middle East, and North Africa (MENA)) with assessments of sensitivities to multiple
key techno-economic parameters. The study also includes an assessment of stand-
alone units versus e-plants integrated with oil refineries.

The study also includes (Part 2) a comparison of e-fuels production costs versus
fossil fuels and biofuels, and an analysis of the context of e-fuels in the future in
Europe (potential demand, feasibility, opportunities, and challenges).

The E-fuels techno-environmental assessment (Part 1) has been developed by
Concawe and Aramco, using the Sphera GaBi platform (LCA for Experts, as of March
2023) as modelling tool, and E-fuels economical assessment (Part 2) has been
conducted by the consultants LBST and E4tech, under the supervision of Concawe
and Aramco.

5 https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en
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SCOPE OF PART 1: TECHNICAL ASSESSMENT

The main objective of Part 1 is to estimate for the timeframes 2020, 2030 and
2050, the following technical parameters:

Energy efficiency based on the energy consumption of each e-fuels
production pathway, in the form of electricity and heat requirements.

Mass balances of the different e-fuels pathways, to determine the amount of
hydrogen, carbon dioxide, water, oxygen, and other feedstock streams needed
for their production.

Carbon intensities expressed in grams of CO, equivalent per unit of energy for
each e-fuel of the scope.

The e-fuels pathways considered in the scope are:

e-hydrogen, in both liquefied and compressed form, used as a final product
for fuel cell hydrogen electric vehicles, and also as feedstock for producing
other e-fuels, abbreviated as H;

e-methane, in both liquefied and compressed form, produced by methanation
of syngas, abbreviated as CHy;

e-methanol, produced by single-step reaction of hydrogen and carbon dioxide,
used as a final product for internal combustion engine vehicles and also as
feedstock for producing other e-fuels, abbreviated as MeOH;

e-polyoxymethylene dimethyl ethers, produced from methanol and oxygen
via formaldehyde, abbreviated as OME;.5 or OME,;

e-gasoline and e-kerosene produced from the methanol-to-gasoline and
methanol-to-middle distillates reactions, abbreviated as MTG and MTK
respectively;

e-ammonia produced from the Haber-Bosch reaction of e-hydrogen and
nitrogen, abbreviated as NHjs;

e-kerosene and e-diesel produced from syngas via low-temperature Fischer-
Tropsch reaction, abbreviated as FTK and FTD respectively.

The parameters of the e-fuels cited above were analysed in the context of different
regions in the world, including:

Domestic production in Europe in three regions:

— North Europe (taking Norway as the reference)
— Central Europe, inland (taking Germany as the reference)
— South Europe (taking Spain as the reference)

Production in Middle East (Saudi Arabia) / North Africa (Morocco), and then
imported to the EU, considering two different possibilities:

— e-Hydrogen import to Europe as final product (hydrogen transported in
liquefied form)

— e-Fuel import to Europe as final products (as drop-in fuels)
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Besides the base cases, key sensitivity analyses have been also included to the
following relevant parameters:

Technology development: An accelerated scenario is included, taking into
account learning curves, improvement in technology (e.g. e-fuels efficiency
increase, utilization as fuel for trucks & ships), new technologies penetration
(e.g. co-electrolysis).

Electricity power sources: A 100% use of each individual electricity source is
considered:

— 100% Wind: Offshore and onshore (anchored offshore windmills, no
floating ones)

— 100% Solar: Photovoltaic (PV) / Concentrated solar power (CSP)

— 100% Geothermal

— 100% Hydro

Carbon sources (CO/CO;) (taking into account the extraction/purification
process, storage and transportation)

— From a diluted source, taking as proxy a low temperature Direct Air
Capture

— From combustion off-gases, taking as proxy a natural gas power plant

— From a concentrated source, taking as proxy Steam Methane Reforming
(SMR) off-gas or Autothermal reforming (ATR)

Carbon capturing location: Assuming a CO, stream captured in EU and shipped
from Europe to MENA to produce the e-fuels

Hydrogen transported as chemicals (as hydrogen vectors in order to facilitate
transport), such as:

— e-Methanol (via methanol cracking)
— Methylcyclohexane (via toluene)
— e-Ammonia (via ammonia cracking)

The battery limits of the study include:

Facilities needed to produce the fuels and their feedstocks (hydrogen, CO,,
electricity, thermal energy, etc).

Sea transmission cables from the offshore wind to the coast in the case of North
Europe and high-voltage transmission cables from the in the cases of South
Europe and MENA.

The distribution network from the production facilities to the e-fuel service
station. Storage of hydrogen has been taken into account to produce e-fuels
on a continuous basis, limited to the maximum available full load hours for
each specific region (see section 1.5.2).

Fuel use in the form of combustion emission factors per unit of energy.

The fuel combustion in the engine taking into account specific efficiencies for
different powertrain options is not included in the scope.
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METHODOLOGY
General methodology

The present study follows the standard of ISO 14040 [ISO1 2006] and 14044 [I1SO2
2006] to evaluate the lifecycle impacts of fuels, electricity, batteries and vehicles.

Foreground data, including material and energy inventory balances of fuel and
electricity production, plant construction and end-of-life treatments for streams
and materials were based on various sources from public literature and available
industry data.

Background data, in particular life-cycle inventory (LCl) data for energy and
material supply were taken from the 2021 version of Sphera’s GaBi LCI databases
[Sphera 2021] (GaBi databases renamed as “Managed LCA Content” as of March
2023). The same methodology was applied, and the same data requirements were
defined for both the foreground and background data, ensuring their mutual
consistency.

The LCA modelling platform used was the GaBi software system for life-cycle
engineering [Sphera 2021] (GaBi software renamed as “LCA for Experts” as of March
2023).

System boundaries and scope

The life cycle of a fuel includes the following stages:

e  Production of the raw materials: Electricity, hydrogen, carbon
dioxide/monoxide, water, oxygen, etc.

e  Fuel synthesis: Methanation reaction, Fischer-Tropsch reaction, Haber-Bosch
reaction, etc.

e  Fuel distribution: Transportation by ship, truck, pipelines required to transfer
the fuels from the production sites to the service stations, including storage
systems.

e  Fuel utilisation: Expressed only as a combustion emission factor per unit of
energy, excluding the efficiency of the vehicle engine.

e  Manufacturing, use and end-of-life of the facilities and equipment needed to
produce and transport the e-fuels and their feedstock streams: Reactors,
compressors, pipelines, storage, etc.

The CO, emissions of the fuels are all expressed on a “Cradle-to-Grave” basis. This
incorporates:

e Net emissions from the fuel production and use: Burdens and credits from
energy consumed and produced during synthesis process (fuel burning, steam
generation, CO, generation from synthesis reactions), transport (fuel burned
and power consumed during distribution and storage) and utilisation
(combustion);

e Net emissions from the fuel feedstock production: Burdens from energy
consumed by the electrolysers, carbon capture and purification, and power
plants, including credits from CO, captured;
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e Net emissions from building the infrastructure and manufacturing the
equipment needed to produce the fuels: Burdens from energy and materials
consumed to manufacture solar panels and wind turbines, and net credits from
material recycling and energy recovery from incineration. Carbon Capture
infrastructure and dismantling is not included but a recent study does not show
it to be significant compared to the contribution of the use phase [Terlouw
2021].

e Net emissions from infrastructure maintenance and part replacements:
Machine lubrication, turbine blades substitution, etc.

The CO, emissions results are also expressed on other scopes for reference purposes,
as shown in Figure 1. Scopes such as “Well-to-Wheels” emissions (includes only for
net emissions from fuel and feedstock production), and “Operation & Maintenance”
(equivalent to the “Well-to-Wheels” impact plus the net emissions from
maintenance and replacements).

Figure 1: Scopes of the e-fuels life cycle assessment for the present
study
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PRODUCTION PATHWAYS

The different e-fuels pathways considered in this study are described in this section.
Annex 8.1 shows the detailed mass and energy requirements for each of the e-fuels
pathways.

e-Hydrogen

E-hydrogen (also called green hydrogen when produced from electricity of
renewable origin) is a fuel used in fuel cell electric vehicles, but it is also a
feedstock for producing the rest of e-fuels. It can be produced by water electrolysis,
represented by the following overall reaction:

H,0 — H, + 20, AHr°= +286 kJ/mol
There are different hydrogen electrolysis technologies, which can be carried out

using low-temperature processes (at 50 to 80° C) or high-temperature processes (700
to 1000°C).
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Commercially available, low-temperature processes include alkaline electrolysis
(AEC) and proton exchange membrane electrolysis (PEM). In comparison, currently
high-temperature electrolysis (SOEC) is less developed.

a) Alkaline Electrolysis Cells (AEC)

This is the state-of-the art industrial process for electrolytic hydrogen
production. A 20-40% solution of KOH is used and the electrodes coated with
Ni as catalyst. Alkaline electrolysis can be applied at normal pressure or under
a pressure of up to 30 bars.

b) Polymer Electrolyte Membrane (PEM) Electrolysis

Over the last 20 years, PEM (Polymer Electrolyte Membrane) electrolysis has
been developed. In contrast to the alkaline version, it uses pure water and no
treatment or recycling of the KOH solution is necessary. PEM stacks are very
compact and can be designed for pressures up to 100 bars.

The main drawbacks of this technology are the investment costs which are
dominated by the high costs for materials like platinum and iridium. The system
cost of PEM electrolysers is currently about twice that of alkaline systems.

c) Co-electrolysis via high-temperature Solid-Oxide Electrolysis Cells (SOEC)

Higher temperature electrolysis at around 700-1000°C can reduce the
electricity requirements as the energy needs can be covered in part by heat
input. The electrolyzer uses steam and CO, as feeds to produce renewable
syngas in only one process step. The integration of waste heat and CO, sources
reduces electricity demand.

High-temperature electrolysis (SOEC - ion conducting solid oxide electrolysis)
are already offered by companies such as Sunfire who offer modular designs,
such as the Sunfire-Synlink SOEC technology [Sunfire 2018].

In this study, the low-temperature alkaline electrolysis cells (AEC) technology has
been selected as a default technology to compare the different pathways in 2020,
2030 and 2050. In the 2050 Accelerated technology sensitivity scenario, the high-
temperature solid-oxide electrolysis (SOEC) technology was selected. The
efficiencies of the AEC technologies in 2020, 2030 and 2050 are based on average
values from IEA [IEA 2019a]. These efficiencies take into account the electrical and
heat efficiencies. The efficiency of SOEC has been taken from the technology
provider Sunfire.

Table 1: Electrolysis technology and efficiency chosen for this specific
study
2020 2030 2050 2050
Accelerated
technology
Electrolysis 100% Alkaline 100% Alkaline 100% Alkaline 100% SOEC Co-
technology electrolysis
Electrolysis 66.5% 68% 75% 82% (Sunfire)
efficiency
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e-Methane

Synthetic methane can be obtained through the process called methanation, also
known as the Sabatier reaction, which combines CO, and hydrogen at a temperature
of up to 400°C, a pressure of 30 bar and the presence of a nickel or ruthenium
catalyst, to produce methane and water. The reaction is exothermic and expressed
as:

CO; + 4H; > CH4 + H,0 AHg = -165 kJ/mol

Table 2 shows the yields and energy consumptions of the methane synthesis
modelled for this study. The data is based on assumptions by [Reiter 2015] and
[Saint Jean 2015], where the amount of CO, required exceeds slightly the
stoichiometric ratio of the reaction to favour the sense of the reaction towards the
production of methane.

Table 2: Mass and energy balance of the methane synthesis process
CO, consumption 3.00 kg/kg fuel
H, consumption 0.50 kg/kg fuel
CO, emissions 0.25 kg/kg fuel
Methane production 1.00 kg/kg fuel
Water production 2.25 kg/kg fuel
Power consumption 1.15 MJ/kg fuel
Heat production 10.8 MJ/kg fuel
e-Methanol

Methanol in the present study is analysed as a standalone fuel but also as the main
feedstock for the Methanol-to-Gasoline and the Methanol-to-Middle Distillates
pathway.

Synthetic methanol from electricity can be either supplied via two-step synthesis
using a synthesis gas (2-step route) or a one-step process that uses CO, directly as
feedstock (direct route). The direct methanol synthesis requires a mixture of carbon
dioxide and hydrogen in a molar ratio of 1:2.8 [Toyir 2009]. Main reactions are
shown below, with a high selectivity for methanol as product.

CO + 2H; « CH;0H AHp, =-90.6 kJ/mol
C02 + 3H2 e CH3OH + Hzo AH; =-49.4 kJ/mol

Large-scale example of a synthetic methanol plant using the direct methanol
synthesis is the George Olah plant in Iceland, run by Carbon Recycling International
(CRI) with a capacity of 4,000 t/a [Stefansson 2015].

Table 3 shows the yields and energy consumptions of the methanol synthesis
modelled for this study. The mass balances are based on [Stefansson 2015] and the
energy balance is based on [JEC 2020].
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Table 3: Mass and energy balance of the methanol synthesis process
H, consumption 0.193 kg/kg fuel
CO, consumption 1.40 kg/kg fuel
Methanol production 1.00 kg
Water production 0.59 kg/kg fuel
Power consumption 1.07 MJ/kg fuel
Heat production 1.72 MJ/kg fuel

e-Polyoxymethylene dimethyl ethers (OMEs:.s)

Poly(oxymethylene) dimethyl ethers, abbreviated as PODE or, more commonly,
OME,, are oxygenates of the general structure CHs-O-(CH,0),-CH3;, where x is
typically 3 to 5 for fuel applications. OME; 5 are synthetic fuels that blended with
diesel fuel in a ratio of 1:4 have experimentally shown strong potential in reducing
vehicle pollution, in particular soot formation and indirectly also nitrogen oxides
(NOx) [Hartl 2015]. This has also been studied in dual fuel applications [Garcia
2019].

OME;.5 are synthesized from methanol. Their production is complex and can go
through alternative routes, but all require the intermediate production of
formaldehyde via the following reactions [Schmitz 2016]:

CH3OH + 1/202 -> CHzo + Hzo
CH3OH > CHzo + HZ

Part of the formaldehyde is oxidized into water and carbon dioxide in a competing
reaction:

CH,0 + 0, > CO; + H,0

At first, methanol then reacts with formaldehyde to produce the simplest
oxymethylene, methylal:

2CH;0H + 2CH,0 2 CH;0-CH,0-CH; + H,0

Finally, the subsequent reaction of methylal with formaldehyde extends the size of

the diether, until reaching a certain number of carbons depending on the operating
conditions. These reactions are represented by:

CH;0-CH,0-CH; + (x-1)CH,0 2 CH;0-(CH,0),-CH; + H,0
where x typically has a size of 3 to 5, hence the name OME; s.
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Table 4 shows the yields and energy consumptions of the OME;.5 process. The mass
and energy balances are taken from [Schmitz 2016].

Table 4: Mass and energy balance of the OME3-5 synthesis process
Methanol consumption 1.265 kg/kg fuel
O, consumption 0.531 kg/kg fuel
CO, production 0.141 kg/kg fuel
OME;.5 production 1.000 kg
Water production 0.654 kg/kg fuel
Heat consumption 12.8 MJ/kg fuel

e-Methanol-to-Gasoline

Once the e-methanol is available (see section 1.4.3), the production of gasoline
requires two additional steps: (a) methanol to olefins (MTO), and (b) light olefin
oligomerisation. These reactions are represented as:

n/2 [2CH3OH 2 CH3OCH3+ HzO] —>(-nH20)—> CnHzn —>n[CH2]

The methanol-to-gasoline (MTG) technology was first developed by Mobil in the
1980’s, using a multistage process to dehydrate & convert methanol at 300-400°C
and 15-20 bar. The overall reaction is exothermic.

The dehydration reaction has high selectivity to water with minimal production of
other oxygenates or carbon oxides. The water yield is thus 56-57 wt% on methanol.
The hydrocarbon synthesis is a combination of oligomerisation (e.g. to branched
aliphatics) and cyclisation to aromatics. The hydrocarbon product typically
comprises 78-80% gasoline, 18-20% LPG, 1-2% fuel gas. The MTG gasoline is typically
50% paraffins, 20% olefins and 30% aromatics. The raw gasoline contains some
heavy, highly substituted benzene derivatives (e.g. tetramethylbenzene, durene)
so it requires hydrotreatment before use as road fuel. The LPG contains ~10%
olefins. Upgrading (hydrotreating) of MTG gasoline is included in both the LCA and
economic analysis.

Table 5 shows the allocated yields and energy consumptions required to produce
1 kg of e-gasoline with the Methanol-to-Gasoline process. It is an allocated balance,
corresponding to the part of feedstock and energy associated to the gasoline only,
so no co-products are shown. The total mass and energy balances are taken from
[Gudde 2021].

Table 5: Mass and energy balance of the methanol-to-gasoline process
Methanol consumption 2.29 kg/kg fuel
Hydrogen consumption 0.001 kg/kg fuel
Gasoline production 1.00 kg
Water production 1.29 kg/kg fuel
Power consumption 0.710 MJ/kg fuel
Heat production 1.298 MJ/kg fuel
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e-Methanol-to-Kerosene

The conversion of methanol-to-kerosene, more generally referred to as methanol-
to-middle distillates (MTGD), follows the same chemical pathway of the methanol-
to-gasoline described in section 1.4.5.

MTO for C2= and C3= is commercially proven using MeOH from coal and gas; in
principle, the same technology would apply to MeOH from other sources.

Light olefin oligomerisation also has been commercialised. PetroSA has operated
its unique “COD” unit at the Mossel Bay facility to convert C3-Cé olefins from high-
temperature (Fe-catalysed) Fischer-Tropsch conversion into gasoline+diesel. The
plant - designed by Lurgi and commissioned in 1993 - also uses a zeolite-based
oligomerisation catalyst.

Several commercial refining technologies exist for oligomerisation of C3= and C4=
into C9+ olefins suitable for fuels, speciality alcohols, detergents, and plastics.
Examples include Catalytic Condensation (UOP), Selectopol/Polyfuel/Polynaphtha
(Axens), NexOctane (Neste/KBR), Dimersol (Axens). Commercial C2=
oligomerisation technologies also exist, particularly for production of alpha-olefins
for chemicals specialties.

Integrated MTGD technology is not commercially proven although licenses have
been offered by Exxon-Mobil (MOGD) and Lurgi (MtSynfuels) primarily as an
alternative to FT-synthesis. Patents show solid-acid aluminosilicate catalysts for
both dehydration and oligomerisation.

As with MTG and MTO, the MTGD technology shows almost complete methanol
dehydration to water and hydrocarbons. The hydrocarbon product contains ~90%
liquids (gasoline & diesel) with 5-8% C3+C4 paraffins and 1-2% fuel gas. The liquid
product is about 20-30% naphtha, the rest being diesel.

Table 6 shows the allocated yields and energy consumptions required to produce
1 kg of e-kerosene with the methanol-to-kerosene process. It is an allocated
balance, corresponding to the part of feedstock and energy associated to the
kerosene only, so no co-products are shown. The total mass and energy balances
are taken from [Gudde 2021].

Table 6: Mass and energy balance of the methanol-to-kero/diesel
process
Methanol consumption 2.32 kg/kg fuel
Hydrogen consumption 0.01 kg/kg fuel
Kerosene production 1.00 kg
Water production 1.31  kg/kg fuel
Power consumption 0.718 MJ/kg fuel
Heat production 1.314  MJ/kg fuel
e-Ammonia

The main commercial method for producing ammonia is the Haber-Bosch process:

N,+3H; — 2NH; (AH®,95=-92 kJ/mol)
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Today, most of the ammonia is produced from natural gas reforming and coal
gasification. There is currently a combined production capacity of 110 million
tonnes of methanol/a (90 plants).

Ammonia synthesis is an exothermic reaction that requires the use of a catalyst,
high pressure (100-1,000 atm), and elevated temperatures (400-550°C).

Table 7 shows the yields and energy consumptions of the e-ammonia process. The
mass and energy balances are taken from [Liu 2020] [Oxford 2015] [Reinert 2019].

Table 7: Mass and energy balance the ammonia synthesis process
N, consumption 0.822 kg/kg NH;
H, consumption 0.178 kg/kg NH;
Ammonia production 1.000 kg
Power consumption 2.16  MJ/kg NH;
Heat production 2.18 MJ/kg NH;

e-Distillates: Fischer-Tropsch synthesis and CO; reduction via Reverse
Water-Gas Shift

Fischer-Tropsch (FT) fuels, such as synthetic diesel, gasoline or kerosene from fossil-
derived syngas are proven technologies at commercial scale. Some examples are
gasification of coal, like Sasol’s Coal-to-Liquid facility in Secunda (South Africa) with
a capacity of 160,000 barrels per day and steam reforming of natural gas, like Shell’s
Pearl Gas-to-Liquid plant in Qatar with a capacity of 140,000 barrels per day.

So far, realised PtX projects using FT synthesis to produce hydrocarbons, like the
Sunfire pilot plant in Dresden (Germany), are still in a demonstration/research scale
with low capacities. Nordic Electrofuel together with Sunfire and Climeworks
announced their intention to build a 20 MW plant (related to electricity input) by
2022 [Sunfire 2019].

The simplified FT reaction can be described as the following equation:
nCO + (2n+1)H; — H(CHy)H + nH,0  AH®9s = -152 kJ/mol [Konig 2016]

Beside alkanes, some alkenes, alcohols, and carboxylic acids are formed. For all
products, the molar ratio of the syngas is approximately 2 mol H, to 1 mol CO. The
product slate is predominantly influenced by the temperature and the catalyst of
the FT reaction, on average resulting in lighter hydrocarbons for high temperatures
FT (320-350°C) and heavier hydrocarbons for low temperatures FT (190-250°C).

To maximize the yield of transport fuels (gasoline, diesel, kerosene), a low
temperature FT can be chosen combined with a hydrocracking step to convert the
produced wax into LPG, gasoline, diesel, and kerosene, resulting in a product slate
of 37% gasoline, 28% diesel, 32% kerosene and 3% LPG. The hydrocracking step is
considered in both the LCA and economic analysis. The products from the
hydrocracking reaction could be further upgraded via isomerization to improve the
cold properties, and this stage could be done in the hydrocracking reaction
adjusting the catalyst.

The Fischer-Tropsch reaction requires a mix of hydrogen and carbon monoxide,

which means that the captured CO, must be reduced to CO prior to the reaction.
This can be achieved through an equilibrium reaction called Reverse Water Gas Shift

11
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(RWGS), an endothermic reaction where CO, is reformed with H, to produce CO and
water. This reaction requires heat and runs at high temperatures ranged between
800 and 1,000°C, and pressures of up to 30 bar to favour the equilibrium to CO,
instead of CO, and CH,4. Some electricity is required to run the plant (compression).
The RWGS plant is a net electricity and heat consumer.

C02 + H2 2C0+ Hzo (AH°298= +42 kJ/mOl)

The model used considers a complete conversion of CO,, assuming a set of
purification, recycling of unreacted CO,, heating, and compression steps. The
reactor technology is mature because of its use in the inverse process, the Water
Gas Shift (WGS), largely used in the Steam Reforming reaction for hydrogen
production from natural gas. The RWGS process, however, is not often used and
thus has a TRL estimated at 7 as it will undergo some development before reaching
TRL 9 [Detz 2019]. The energy efficiency of the process is estimated at 83%. Future
plants are expected to be more efficient thanks to the development of improved
methods like sorption enhanced H,0 removal, currently at TRL 3. This expected
technological progress is reflected in the base energy consumption for 2050.

Table 8 shows the allocated yields and energy consumptions required to produce
1 kg of e-diesel with the Fischer-Tropsch process. It is an allocated balance,
corresponding to the part of feedstock and energy associated to the diesel only, so
no co-products are shown. The total mass and energy balances for the Reverse
Water-Gas Shift reaction are taken from [Detz 2019] and those for the Fischer-
Tropsch reaction from [Konig 2016] and [de Klerk 2011].

Table 8: Mass and energy balance of the FT e-diesel synthesis process
(incl. reverse water-gas shift)

Hydrogen consumption 0.493 kg/kg fuel
of which RWGS 0.169 kg/kg fuel
of which FT+Hydrocracking 0.324 kg/kg fuel

CO, consumption 3.715 kg/kg fuel
CO equivalent 2.364 kg/kg fuel

Gas burned 0.237 kg/kg fuel

FT Diesel 1 kg

Water production 2.971 kg/kg fuel

Power consumption 1.90 MJ/kg fuel

Heat production (net) 9.22 MJ/kg fuel

Carbon capture
Three different scenarios of carbon capture are considered in the present study:

e  (CO, captured from a point source of high CO, concentration. The proxy unit for
this case is an amine-based high pressure/low temperature capture unit of a
Steam Reforming (SMR) pre-combustion off-gas stream with around 45% CO, by
volume, as described in [Skrebergene 2015].

e (CO,is captured from a point source of average CO, concentration, around 8.5%
by volume. The proxy unit for this case is an amine-based capture plant as
described in [IPCC 2005].
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e (CO, captured from the air via low temperature direct air capture (DAC)
technology. The energy consumptions are taken from Climeworks [Beuttler et
al. 2019].

Table 9 provides a summary of all power and heat consumptions assumed for the
three proxy technologies of carbon capture, as well as the reference average CO,
concentrations of each source taken from [IPCC 2005].

A common assumption for all three sources is that the CO, is considered as
unavoidable waste and carries no carbon burden or cost at its source. Therefore,
the only contribution to the carbon intensity of the CO, feedstock to the e-fuels
synthesis processes is given by the capture and purification stage. Same
consideration for the cost of CO,, whose value is derived from the CAPEX and OPEX
of the carbon capture process only with no reference to a carbon price.

To ensure high purity of the CO, produced for the downstream synthesis reactions,
an additional CO, liquefaction stage was incorporated to the carbon capture
process. The main purpose of this operation is to eliminate traces of water and
other contaminants. Energy consumption for carbon dioxide liquefaction is
estimated at 0.104 kWh/kgCO, [Element Energy 2018].

Table 9: Energy consumptions and CO, concentrations for different carbon capture
options
Source Stream Concentrated Average Diluted
of CO,
Proxy technology Steam Reforming | Natural Gas Power | Direct Air Capture
(SMR) pre- Plant (NGPP) flue (DAC)
combustion gas gas capture
Power 0.14 ™ 0.27 @ 1.44 @
Consumption [MJ/kgCO,]
Heat 0.90 ™ 3.00 @ 5.76 @
consumption [MJ/kgCO;]
CO, concentration 45% 8.5% 0.04%
[by volume]

Sources: (1) [Skrebergene 2015]
(2) [IPCC 2005]
(3) [Beuttler et al. 2019]

1.4.10.  Blending conditions

Most of the liquid e-fuels® are generally considered as ‘drop-in fuels’, meaning they
are assumed compatible with the existing car fleet. This should be analysed in detail
depending on the e-fuel. In Figure 2, the qualities of liquid e-fuels are compared
with standard fuels.

a) Gasoline fuel standards

Figure 2 is showing the gasoline existing gasoline fuel standards (EN 228) versus
the e-methanol-to-gasoline product properties.

6 Liquid fuels = liquid state under standard temperature (0°C) and pressure (1 MPa) conditions.

13
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Whilst methanol is a potential gasoline substitute, its Lower Heating Value
(LHV) is significantly lower than the one of gasoline and even ethanol, and it
produces corrosivity and issues with the material use in the car fuel feeding
system. The use of pure e-methanol or higher blend rates requires adapted
vehicles; hence e-methanol does not have drop-in capabilities. The product of
the Methanol-to-Gasoline (MTG) process is a much better substitute for
gasoline in spark-ignition engines and represents a gasoline blending
component that can be upgraded to full EN 228 compliance by hydrogenation
of polyaromatics. The hydrogenation process of MTG-based gasoline was taken
into account in the present study.

Diesel fuel standards
Figure 3 shows the two existing diesel fuel standards, EN 15940 and EN 590:

e DEN 15940 is the fuel standard for paraffinic diesel. This specification was
designed for HVO and GtL, and it is valid for e-diesel. It is similar to
conventional diesel (EN590), except from the differences in density (class
B 780-810 kg/m?3 versus EN 590 820-845 kg/m?). Some aspects to consider
in the use of e-diesel are:

Improvement of the lubricity by additives

Cold properties adjustment through production process
(isomerization and distillation)

o  Minor adjustments in the engine (fuel injection control and SCR post-
treatment)

o Theimpact on LCA of these adjustments in lubricity or cold properties
are out of the scope of this project. EN 590 is the fuel standard for
conventional diesel. It is possible for e-diesel to match the
specification EN590 by blending with other higher-density
components (e.g.: FAME, pyrolysis oil). Fischer-Tropsch e-fuels are
paraffinic fuels, which require hydrocracking and isomerization to
improve the cold properties and fit in the diesel standard EN 590.
Paraffinic fuels have substantially higher cetane numbers (>/= 70)
and are (nearly) free from aromatics.

e-OME;.5 requires blending with diesel components to meet the diesel fuel
standards, with the potential of achieving ultra-low NOx and soot emissions
levels.

Jet fuel standards

e-Jet (e-kerosene) must comply with the ASTM D7566 standard, which gathers
the technical specification for Aviation Turbine Fuel Containing Synthesized
Hydrocarbons and includes the technical specification of synthetic paraffinic
kerosene from the Fischer-Tropsch process (SPK-FT) (Table 10). Currently, e-
jet can be blended up to 50% by volume with conventional blending
components or Jet A or Jet A-1 fuel certified to Specification ASTM D1655
(Standard Specification for Aviation Turbine Fuels). Final product, meaning
aviation turbine fuel manufactured, certified, and released to all the
requirements of ASTM D7566 (Table 11), should meet the requirements of
Specification ASTM D1655 (Standard Specification for Aviation Turbine Fuels)
and shall be regarded as Specification D1655 turbine fuel. Therefore, the final
product does not present any differences with conventional aviation turbine
fuel and hence, once the fuel is released according to ASTM D7566, the specific
requirements of such specification will be no longer available, and any
recertification shall be done in accordance with ASTM D1655.
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Figure 2: Liquid e-fuel properties (compared to gasoline fuels standards).

Source: [Shell 2018]

12 COMPARISOMN OF PTL FUELS WITH RELEVANT EN 228 FUEL PROPERTIES ..

Gasoline fuel Methanokto-
EN 228:2012 Gasoline
Research Octane number =95 92
Density @15°C (kg/m’) 720 -775 728-733
Reid vapour pressure (kPa) [sumdnfur_c?ctl}ss A 62
Cwygen content (% m/m) =37 na *
Owidation stability (Min) =340 260 - 370
Aromatic content (%v/v) =350 26.5
Disfillafion {*C) =210 29 - 209
Typical lower he-ulir[lgﬁ\j;:ll‘g: 427442 na *
Typical fash point [*C) -20 na *

* Likely similar fo EM 228 Gascline based on the other properfies; n.a. = data not available

Methanel Ethanol
114 130
792 789

13 &
50 47
n.a n.a.
0 0
65 78
227 297
9 12

EN 228; Maus et al. 2014; EM 2017

Figure 3: Liquid e-fuel properties (compared to diesel fuel standards).

Source: [Shell 2018]

.. AND WITH SELECTED EN 590 FUEL PROPERTIES

EN 590: EN 15940:
2013 2016 DME
Catane number =51 =70 55 - 80
Density @15°C (kg/m?) 820 - B45 765 - BOO &60
Polycyclic aromatic hydrocarbons
(Gom/m) =8 =1.1* 0
Flash point [*C) > 55 > 55 -41
Lubricity, HFRR [60°C) (pm) 460 460 na
Kinamaic viecosiy (40° , 0.12-
inematic viscosity (40°C] (mm?/s) 2-45 2-45 0.15%
T, Ca Ca.
Distilation (*C) § 140 360 180 360 [ -248
Typical lower heating value [NHQ/} 429 441 28.4
Typical Oxygen confent (% m/m] <1 <05 348

OME,

28

883

-32

759

0.36**

42

42.1

OME, OME, OME, OME,

72 B4 23 na.

1035 1079 1111 1140

54 88 115 na.

534 465 437 na.

0.87 1.33 1.96 na.

1559 201.8 2423 273

19.6 19.0 185 177

48+ 1 49.5

* likely to be O due to EM 15940 specified Total Aromatic Confent = 1.1 %m/m
** Measured @ 25°; n.a. - data not available

Shell 201 5; Lavtenschitz et al. 2016; Wachtmeister et al. 2017
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The table in Figure 2 shows that in the methanol-to-gasoline process, octane and
Reid Vapour Pressure need to be improved to meet specification, with impact in
terms of cost of upgrading (CAPEX, OPEX) and LCA emissions. This is out of the scope
of this project, and it will be analysed in a third project (to be published).

Table 10: Liquid e-kerosene (paraffinic kerosene from Fischer-Tropsch, SPK-FT
specification)
Unit Limits Norm
Characteristic Min Max
Total acidity mg KOH/g - 0.015 ASTM D3242
Volatility
Distillation °C ASTM D86
10% vol °C - 205
50% vol °C Inform
90% vol °C Inform
T90-T10 °C 22 -
Final point °C - 300
Residue %V /v - 1.5
Loss %V/v - 1.5
Simulated distillation °C ASTM D2887
10% vol °C Inform
20% vol °C Inform
50% vol °C Inform
80% vol °C Inform
90% vol °C Inform
Final point °C
Inflamation point °C 38.0 - ASTM D56
Density 15°C kg/m?3 730 770 ASTM D4052
Freezing point Jet A °C - -40.0 ASTM D5972
Thermal stability JFTOT (2,5 h a ASTM D3241
T control)
Temperature °C 325
Differential pressure drop mm Hg - 25
Classification
(1) Annex A1 VTR, color code Lower to 3, no marks or
VTR anormals colour deposits
(2) Annex A2 ITR o Annex A3 85
ETR, nm average in area
of 2,5 mm?
Cycloparafins %m/m 15 ASTM D2425
Aromatics %m/m 0.5 ASTM D2425
Parafins %m/m Inform ASTM D2425
Carbon and Hydrogen J%m/m 99.5 ASTM D5291
Nitrogen mg/kg 2 ASTM D4629
Water mg/kg 75 ASTM D6304
Sulfur mg/kg 15 ASTM D5453
Metals (Al, Ca, Co, Cr, Cu, Fe, K, mg/kg 0.1 (m