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Objective of this Work Package and this Deliverable
This Work Package aims to assess the economic potential and environmental impact of selected CCU

pathways. The selection of CCU pathways to be assessed (along with their technical feasibility) is
presented in Deliverable 2.3. As part of this Work Package, two separate methodologies have been

developed to support this assessment:

e Deliverable 4.1 providing the methodology to assess the business case and economic
potential of a certain CCU pathway; and
o Deliverable 4.2 providing the methodology to assess the environmental impacts of the CCU

pathways.

This Deliverable applies the methodologies to assess the selected pathways, and combines the
results comparing the selected routes in terms of the economic and environmental results. The
Deliverable consists of this report and an Excel tool, which provides the Greenhouse Gas (GHG) and
cost assessments for all selected routes. The aim of this report is to present an overview of the results
and to compare the different pathways from both an environmental and economic perspective. In
addition, the report presents a brief analysis on key aspects regarding both the GHG and economic
assessments. The results, in terms of the pathways showing the most favourable economic and

environmental outcomes, are presented in Deliverable 4.4 rather than in this report.
Important note:

All the figures are rough estimates to give an indication of the attractiveness of a certain
pathway. They can be compared but they do not aim to give any absolute values. We have
used publicly available sources and data as much as possible. However, in reality, every
project will have its own specific financial and environmental conditions. The excel tool (see
3.1) is designed in such a way that users can change the key variables in order to make more
tailor-made estimates. For example, it is easy to add or change an economic or GHG scenario
for energy and CO,/CO supply. It is also possible to change input/output data of each of the
processes used in the pathways. This will change the results automatically. This way, experts

can refine the data collected in this project.
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2 Methodology

This report contains the results from the economic and environmental modelling as described in the
methodology deliverables D4.1 and D4.2 (Please refer to these deliverables for detailed information).
This chapter will describe the overall approach and the connection and interaction between both

methodologies and also the practical implementation.

2.1 General modelling approach

As mentioned in the preceding deliverables, CCU is a still a young field and many technologies do not
exist on an industrial scale. Our main goal was to gather available data and create a framework and
tool that could be used to compare different technologies at different TRLs and be able to update this
tool when more information becomes available. It was also deemed important that the analysis is
transparent and can be verified by external researchers. And finally, we wanted an integrated analysis

for the economic and environmental analysis for consistency, but also easier updates.
All this led to the decision to create an Excel tool with the following parts:

e An overview of the selected pathways from work package 2 and all relevant data;

e A summary of all scenarios used;

e A collection of input-output data with literature sources for each process used in the pathways;

e An overview of each pathway, including the involved processes, emissions and costs for each
scenario and reference technologies;

e Some utilities to treat and visualize this data.

The scenarios for the economic and environmental parts are independent of each other, as they have

a different goal:

e The environmental scenarios are based on the IEA 2017 report for meeting the 2 °C target
(International Energy Agency 2017) and the GaBi database’ and show the greenhouse gas
(GHG) intensity for the inputs hydrogen, electricity, heat and CO,/CO in the years 2018, 2030,
2050 and for a “decarbonized world”. Our study does not aim to show a scenario of GHG

emissions evolution over time, but rather show the dependency of CCU pathways on low GHG

! The GaBi database is a renowned commercial LCA database. In comparison to other databases, a

lot of the data is based on real industrial process data.
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energy. We therefore named the scenarios “EU Mix” (status quo), “RES~30 %", “RES~80 %"
and “Decarbonized”.

e The economic scenarios on the other hand have as the main goal to compare the selected
pathways with current market prices and among each other. Due to a lack of standardized
methods, a variety of sources and methodologies is underpinning these estimations. Thus, the
economic assessment presented here should be regarded as an estimate of how far the
pathways are from attaining market competitiveness (price wise, when compared to current

ways of production) and their relative economic attractiveness in relation to one another.

Textbox 1 Electricity mix and consequential LCA

This study is not an LCA, but most methodological choices are the same as for an LCA. One
important choice, especially for processes consuming a lot of energy, is the energy supply. It is

widely recognised that those CCU technologies are only low-carbon if low-carbon electricity is used.

Attributional vs. consequential LCA

An attributional LCAs are employed for current production routes in order to determine the
environmental impacts for an already available product or service. Consequential LCAs are used to
analyse the changes in environmental impacts that a change in production (volume, technology),

consumption or disposing would incur.

As nearly all analysed CCU routes are not commercially available yet, the consequential LCA is the
more obvious approach. Especially for large scale production capacities, CCU could significantly

change the demand for electricity, hydrogen and heat.

Electricity mix in a consequential LCA model

In LCA terms, the electricity mix for consequential LCAs is often a marginal electricity mix
(compared to an average mix in attributional LCAsS), meaning the mix of electricity production
facilities that have to be added to the current production mix to meet the demand of the new
consumer. Even when considering to only use renewable electricity for CCU technologies, this
renewable electricity could have been used somewhere else and could thus have avoided fossil

power generation.

This is why this study presents selected results for the different energy scenarios to give an
impression of the impacts associated with a pathway when this consequential view is adopted: that

even when using renewable electricity, the marginal mix might still cause GHG emissions.

2 RES stands for ,Renewable Energy System*
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2.2 Selected pathways

The pathways selected for this study are based on deliverable 2.3 (available at
http://carbonnext.eu/Deliverables.html), where they were selected based on the technology readiness
level (TRL); market value; CO, or CO utilisation potential of the product and whether additional fossil
carbon is used in the product. During the analysis, some modifications were made to the list, because
either there was no data available for a specific pathway, or a more efficient pathway was found (e.g.
the direct synthesis of Dimethyl ether was found to be more efficient than the “condensation then

dehydration of CO,-derived methanol”).
Table 1 compares the pathways from deliverable 2.3 and the ones analysed in this deliverable.
The differences are essentially:

e The suppression of the second propylene pathway, because there was not enough data to
accurately describe the two different pathways;

o A different pathway for dimethyl ether from CO, because it was found to be more efficient
than the originally described pathway “DME production by condensation then dehydration of
CO, derived methanol in the presence of a catalyst” (Keil 1999a);

e The addition of calcium carbonate as the only pathway that has a negligible energy input, as
the formation of calcium carbonate is exothermic. It is an often described “low-hanging fruit”
and can be seen as a carbon capture and storage or utilisation strategy depending on the use
of the product;

e The suppression of the FT jet fuel pathway, as the differences to FT diesel and gasoline are
small, but no data was found on those differences. As a first approximation, FT gasoline may

be used.

The four pathways to produce methanol have been reduced to four pathways to produce syngas, and
then the reforming routes have been split into one route using fossil methane and one using CO,-
based methane. Those six syngas routes have then been compared in chapter 3.1 for all pathways

using syngas, not only the methanol pathways.
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Table 1 Overview of selected pathways

. Blue: chemicals, red: chemicals or fuels, yellow: fuels, white: solids

Changes in thi Name in this
Product Pathway deliverable deliverable
Ethylene g/llz;if:]?nol to olefin (MTO) process (condensation 0,-derived methanol to DME followed by conversior Ethylene
Propylene Methanol to olefin (MTO) process (methanol plus ethylene) No data found on the -
Methanol to olefin (MTO) process (condensation o,-derived methanol to DME followed by conversior | difference between the
Propylene two MTO pathways Propylene

olefin)

Ethylene carbonate

Carbonation of the epoxide ethylene oxide to ethylene carbonate

Ethylene carbonate

Benzene

Methanol to aromatics (MTA) process developed by Mobil involving reacting methanol over a zeolite
resulting in the simultaneous production of all three BTX components.

Benzene

Xylene

Methanol to aromatics (MTA) process developecMobil involving reacting methanol over a zeolite cata
resulting in the simultaneous production of all three BTX components.

Xylene

Dimethyl ether

Gondensation then dehydration of Gderived methanol.

Used direct synthesis fro
syngas

Dimethyl ether

High temperature solid oxide cells use,@@d water to produce tand CO, followed by compression and
subsequent catalytic methanol synthesis.

Corrected the typoFT

CcQ Dry reforming of Ckland CQto produce syngas, followed by water gas shift reaction to adjust the £&libl | synthesis to catalytic
water removal, compression and subsequent methanol synthesisatadyticsynthesis. synthesis.
Methanol Considered the four Methanol
Reverse water gas shift of @@nd renewable Hto produce CO and water, remove water, add mogethien syngas production
usecatalytic synthesito produce methanol. alternatives as described
in chapter3.1
CO2/steam reforming of GHollowed by water gas shift reaction to adjtke CO:Hratio, water removal,
compression and subsequent methanol synthesisatalyticsynthesis.
Gasoline Methanol to Gasoline process, via DME and olefins. MTG Gasoline
Gasoline Syngas produced from  and F, undergoes -T reaction at 30-350°C to produce gasoli-range FT Gasoline
hydrocarbons.
Diesel Syngas produced f.rom. , and F, undergoes -T reaction at 20-240°C to produce linear waxeHydrocracking FT Diesel
converts to synthetic diesel.
Methane CQ methanation (Sabatier reaction) Methane
Calcium carbonate| Use carbon dioxide and steelmaking slags to produce precipitated calcium carbonate CA;gﬁJd”fhe carbonation ¢ | Calcium carbona
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Changes in thi Name in this
Product Pathway deliverable deliverable
Methanol to olefin (MTO) process (condensation o-derived methanol to DME followed by conversior
Ethylene . Ethylene
olefin)
Propylene Methanol to olefin (MTO) process (methanol plus ethylene) No data found on the -
] Methanol to olefin (MTO) process (condensation o-derived methanol to DME followed by conversior difference between the Bropyl
ropyiene olefin) two MTO pathways ropylene
co 1,3-Butadiene Gas fermentation of CO by the anaerobic bacterium Clostridiuia®,3butanediol 1,3-Butadiene
Methanol to aromatics (MTA) process developed by Mobil involving reacting methanol over a zeolite
Benzene L . - Benzene
resulting in the simultaneous production of all three BTX components.
Methanol to aromatics (MTA) process developed by Mobil involving reacting methanol over a zeolite
Xylene L . - Xylene
resulting in the simultaneous production of all three BTX components.
Dimethyl carbonatg Carbonylation of methanol in the presence gf O Dimethyl carbonate
Ethanol Gas fermentation of CO by the anaerobic bacterium Clostridium autoethanogenum. Ethanol
Methanol CO and Hreact over a Cu/ZnO catalyst Methanol
Dimethyl ether Condensation then dehydration of &f@erived methanol ithe presence of a solid acid catalyst Dimethyl ether
Gasoline Methanol to Gasoline process, via DME and olefins. MTG Gasoline
Gasoline CO and Kundergoes H reaction at 30350°C to produce gasolirrange hydrocarbons. FT Gasoline
Diesel CQ ancH, undergoes -T reaction at 20-240°C to produce linear waxeHydrocracking converts to synthe FT Diesel
diesel.
S ALEITEES Not enough data found o
type (GHis- GeHss, | FT reaction to produce kerosergpe hydrocarbons oug -
FT for jetfuel
average GHoe)
Methane CO methanation over a nickel catalyst. Methane
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2.3 Methodology for GHG assessment

There are some notable methodological choices when performing an environmental assessment of

CCuU technologies.

The first one is the choice of how to treat the CO, utilised in the process. Depending on the goal of the
study, it could be credited to either the emitting process or the CCU process, or it could be allocated
between both processes depending on a physical, technical or economic criterion. There could even
be a distinction between fossil and biogenic CO,. The goal of this study is to compare if it is better to
use the CO; in a CCU process that would otherwise just be emitted, or if it is better to keep the
conventional process, and compare different CCU pathways with each other. Therefore, we decided to
credit the CO, utilised by the CCU process, but also burden it with emissions due to CO, capture and
conditioning impacts. This means that in the balance sheet, all CO; being utilised in the product has a
negative GHG emission (of -1 kg_CO,-eg/kg_CO, utilised) because it is not emitted, but also a
positive GHG emission determined by the energy consumption to capture that kg of CO,. This choice
is only valid as long as CO, is available from point sources and virtually freely available , so that the

CCuU process only needs to care about the processes from capture onwards®.

CO is treated in a similar way. It is assumed that CO is currently used to generate electricity on site,
but if the CO is used in a CCU process, this electricity has to be produced elsewhere. However, in this
instance the CO, emissions from burning the CO in a power plant are avoided. Burning 1 kg CO
generates 1.57 kg CO,, so we credit the avoided 1.57 kg CO,/kg CO to the CO supply process, but
burden it with the emissions of an equivalent electricity production of 1.53 kWh from the same

scenario. Finally, we also add the emissions from CO capture and conditioning.

Table 2 summarizes the data used for each one of the scenarios analysed.

% Capture, conditioning, transport and usage.
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Table 2 Environmental scenarios

GHG emissions EU Mix RES-30% RES~80 % Decarbonized

Electricity [kg CO 2eq/kWh]

H2 [kg CO2eq/kg H2] 10.70 7.58 2.14 0.67*
heat [kg CO 2eq/kWh] 0.26 0.16 0.04 0.01

COz2 [kg CO2eq/kg CO2] Credit -1.00
Capture 0.15 0.23° 0.06 0.02
CO; balance -0.85 -0.77 -0.94 -0.98

CO [kg COzeq/kg COJ Credit -1.57
Capture and electricity replacement 0.82 0.28 0.11 0.02
CO balance -0.75 -1.29 -1.46 -1.55

2.4 Methodology for estimating economic performance per

pathway

The figure below represents the schematic representation of the overall approach for estimating the

economic performance per pathway. Each component of the approach is explained in detail below.

* For hydrogen production, the source of the scenarios (Jan Koj et al. 2017) considers an electricity
consumption of 50 kWh/kg hydrogen. Additionally, the electrolyser production has noticeable GHG

emissions.

® The emissions for the capture process increase compared to the current EU mix because the
literature source assumed a switch from coal fired power plants to direct air capture (due to a higher

demand of CO, than available point source supply).
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Figure 1 Schematic representation of the overall approach to estimating the economic performance per
pathway. The production costs (OPEX and CAPEX) of each pathway are compared to the current market

price of the product (produced by a conventional method )

Capital expenditure

Capital expenditure (CAPEX) refers to costs associated with non-consumable parts of the process
(e.g. equipment, machinery etc.). Estimating the CAPEX of the CCU pathways selected in deliverable
2.3 is challenging because many of these pathways have not yet reached commercial maturity and
there is limited information available in literature. Therefore, all CAPEX figures should be treated as
rough estimations only. In order to be consistent across the GHG and the economic estimates, the

scope of the CAPEX was selected in a way consistent with the GHG assessment.

The CAPEX for the final pathways selected in deliverable 2.3 and summarized in annex A were
calculated based on the material flow analysis in the Excel tool. Thus, the final CAPEX per pathway
was calculated by adding the CAPEX for each specific step multiplied by the multiplicator6 for that step
in each pathway. A CAPEX for the different ways of producing syngas was included in the analysis for
syngas dependent processes. The scope for the CAPEX excluded sources of hydrogen, carbon
monoxide and carbon dioxide. These costs are already included in the prices for the materials under

operational expenditures (OPEX).

® The multiplicator is used to build the pathways from process steps. If the input of the final process
step is produced by another process, the multiplicator defines the ratio of needed input to produced
output of the two processes. IF for example a MTA process would need 4.3 kg of methanol to produce
1 kg of aromatics, and the methanol producing process was defined for 1 kg of methanol, the

multiplicator would be 4.3 (see also deliverable 4.2, chapter 4.1.2).
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Operational expenditure
The operational expenditure (OPEX) is calculated based on the following main cost components:

Electricity cost;
Heat cost;
Hydrogen cost;

CO; or CO capture and transport cost.

These are calculated using the following assumptions used in each of the scenarios described in the
methodology (See Deliverable 4.1 for more details). Further, prices for heat are based on gas
wholesale prices adjusted with a conversion factor of 90% and an additional 35% operation costs. CO,
and CO capture and transport costs are based on the costs identified in Deliverable 3.1. For CO,
expert opinion and an additional proxy assessment based on gas wholesale prices was used

(comparing the energy content per mole for natural gas and CO, and adjusting the price accordingly).

Table 3 Economic scenarios for 2030

2030 prices Scenario 1 Scenario 2 Scenario 3 Scenario 4
Most High H ,, Low H,, Most
unfavourable low E and high E and favourable
heat heat

H, price [ +kg H>] 6 6 2 2

Electricity price [ #kWh] 0.140 0.059 0.140 0.059

Heat price [ +kWh] 0.057 0.03 0.057 0.03

CO, capture and transport cost [ kg 0.045 0.022 0.045 0.022

CO,-eq]

CO capture and transport cost ( #kg) 0.01 0.01 0.006 0.006

Comparison with current market prices

The production cost (estimated as OPEX + CAPEX per unit produced) of the pathway will be
compared to the price of the fossil-based alternative that is already on the market. This allows for
comparison across pathways and between the conventional way of production versus the CCU

pathway.

For most products, the current market price is calculated based on the market value and volumes

which are available in the PRODCOM database. For those products which have no data available in
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the PRODCOM database we have used indicative market prices from other sources. These values

and the sources are listed in annex C.

Comparing this market price to the production cost of the CCU pathway gives an indication of the
competitiveness of the CCU product if it would enter the market. It only gives an indication, as we do
not know the future market price of the CCU product: the production cost needs to be complemented
with overhead costs, other consumables, margins, etc. to arrive at the true market price. Because of
these other elements, the market price can be substantially higher than the production cost: some of

the products, for example, can have margins of 25%.

2.5 Assumptions and data gaps

Data availability for the low TRL processes is always a hurdle in Techno-Economic Analysis (TEA) and
LCA. We were able to find either TEA or LCA studies for most of the processes, but most of the time,
the publications did not openly disclose the sources or all inputs and outputs or costs of the process. A

lot of the processes are commercially confidential, patented or in the process of being patented.

We believe that the following processes contain the biggest gaps or highest uncertainty for the

inventories:

The LCA for Fischer Tropsch process is quite well studied, but most studies use biomass as
input. Also, the difference between diesel, gasoline and kerosene as output are hard to find.

The CO gas fermentation process is a proprietary process and the available information does
not always allow getting the inventory in the way needed for the Excel tool. Also, there is little

to no information on the 1,3-Butadiene process alternative.

For CAPEX, the highest uncertainties stem from the fact that the selected pathways have not yet
reached commercial maturity. The CAPEX estimates for the processes used to construct full pathways
are listed in annex A. These values were either taken directly from literature or derived from
information in literature based on capital investment costs and production rates for existing or
modelled (theoretical) industrial plants. In those cases where the plant lifespan was not explicitly

stated in literature, a 12-year lifespan was assumed.

Based on the descriptions of the industrial processes for these routes, it was assumed that the
CAPEX of the methanol-to-aromatics (MTA), methanol-to-olefins (MTO) and methanol-to-gasoline
(MTG) processes will be very similar. Due to lack of available information, the CAPEX for the MTA

process was estimated from literature and applied for the MTO and MTG processes equally.
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3 Overview of results

This section provides an overview of the results from the GHG and economic assessments, which are
provided in detail in the Excel tool accompanying this report. In order to facilitate comparison, this
chapter makes use of one cumulative value for the GHG results and one for economic impact. These

metrics are:

Absolute GHG emissions compared to reference . The GHG emissions are determined by
adding the process CO, balance plus the GHG emissions for electricity, heat, hydrogen, CO,
and CO production and/or supply.

Overall costs in Euros per kilogram of final product . The costs for each pathway are
determined as the aggregated CAPEX and OPEX (including H,, CO, CO,, electricity and heat

costs).

3.1 Syngas and methanol as building blocks

Most of the pathways use platform chemicals as building blocks. The most common platform
chemicals in this study are syngas (predominantly H, and CO), methanol and methane. These are

already widely used in the current chemical industry.
Syngas can be produced via multiple routes. We analysed the following processes to produce syngas:

High temp erature solid oxide cells (HT SOC): 2 CO,+2H,O !l 2CO + 2 H, (+ O,)

Dry reforming of methane : CH,+ CO, !l 2CO+ 2H,

Reverse water gas shift (rWGS) of CO, and renewable H; to produce CO and water, remove
water, add more hydrogen: CO,+ H, !l CO + H,O, CO + H,

COg,/steam reforming of methane : At high temperatures (850-1000 °C) steam and CO, react
with methane to produce syngas via the following reactions:

CH;+H,O Il CO+3H,

CH;+ CO, Il 2CO+2H,

Mix CO as input with renewable H
The last process is only relevant for CO based pathways (e.g. from steel mills).

For the two reforming routes of methane, methane can either come from CO, via the Sabatier process
or from fossil sources. This gives a total of 6 routes to produce syngas from CO,, and only one route
from CO.

It is important to note that the ratio of produced hydrogen to CO is different depending on the syngas

production route of choice. CO,/steam reforming of methane has the highest ration of H, production in
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relation to CO, followed by HT SOC and dry reforming. In contrast, reverse WGS does not produce

hydrogen, so hydrogen has to be added.

Methanol (MeOH) can then be produced from syngas from all of the above processes. There are
some technology developments to directly produce methanol from CO, and H,, but they were not
selected for assessment at this time because of their low TRL. Figure 2 shows all the pathways that

start with syngas.

Figure 2: pathways starting with syngas

Figure 3 shows the pathways that use methanol as an intermediate product (produced from one of the
syngas processes above as shown on the top right in Figure 2). Altogether, 10 out of 12 analysed

pathways from CO, are using syngas as a building block.

Figure 3: pathways from methanol

Because of the importance of syngas, we analysed the impact of the syngas production on the

different processes both within the GHG and business assessment.

3.1.1 Environmental impact of syngas routes

The environmental impact of syngas routes strongly depends on the electricity and hydrogen

production. Figure 4 shows the GHG emissions for all six routes and for the four energy scenarios:

EU Mix: current European electricity, heat and hydrogen production

RES~30 %: electricity GHG intensity drops from 0.44 kg CO,/kWh to 0.15 kg CO./kWh,
hydrogen and heat are mostly produced from electricity

RES~80 %: electricity GHG intensity of 0.06 kg CO,/kWh

Decarbonized : wind power-based electricity with 0.01 kg CO,/kwWh
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GHG emissions of the syngas production routes
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Figure 4: GHG emissions of the six syngas production routes from CO;

When using decarbonized energy for CCU processes, the GHG impact of all syngas routes is quite
close except for the two fossil methane reforming routes (which have higher emissions). On the other
hand, as long as the used electricity mix has a GHG intensity of over 0.2 kg CO,/kWh, the fossil
methane reforming routes emit less GHG than the other routes (except reverse Water Gas Shift
(rWGS)). The steepness of the curve when comparing the routes using the current energy mix towards
a less GHG intensive electricity production can also be seen as a measure of the amount of electricity
needed for each process because processes with a higher electricity demand show greater decreases

in GHG emissions as the electricity supply is decarbonised.

Please note that the data presented here is based on TEA and LCA studies from the literature at
different TRL levels. Even if a stoichiometric conversion from CO, to CO would lead to a maximum
CO, uptake of 1.57 kg CO,/kg CO in syngas, especially the solid oxide cell seems to have a higher

uptake. This may be a measurement error, or it might mean that carbon is stored in the system.

3.1.2 Economic impact of syngas routes

This section provides an overview of the impacts of the four syngas routes on the business case of
selected pathways. When comparing the production of syngas, CO, steam reforming of Sabatier
methane is the most expensive route for all but one scenario. The price differences between

production via the reverse water gas shift route and dry reforming are minimal, though reverse water
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gas shift performs slightly better in all the economic scenarios assessed. In comparison to these three
routes, which are sensitive to hydrogen prices, the production of syngas via high temperature solid

oxide cells (HT SOC) is very sensitive to electricity prices.

Cost of syngas routes

3.00
o 2.50
© 200

1.50
1.00 I
o A B W Blow IR 0

Solid oxide cell Reverse water Dry reforming Dry reforming CO2/Steam  CO2/Steam

EUR/Kg

gas shift (Sabatier) (fossil) reforming reforming
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Figure 5 Costs of syngas (EUR/ 1kg CO and 0.2 kg H ;) per route and economic scenario

The economic analysis shows that for syngas-dependent pathways (see Figure 2), the choice of
syngas production route has a significant impact on the total costs. Based on the material flow
analysis, (see the Excel tool) it is apparent that production of syngas using HT SOC is the most
electricity and heat intensive process and also requires the largest CO, input out of all processes.
However, this is the only syngas production pathway which does not require H, input. Thus, high
electricity and heat prices have significant effects on the total cost of this pathway. On the other hand,
high H, prices will not affect the total cost of syngas production via solid oxide electrolysis. Syngas
production via dry reforming of methane does not require heat input, but is sensitive to electricity, CO,
and H, prices. On the other hand, reverse water gas shift and steam reforming of methane to produce
syngas are both sensitive to changes in all assessed prices (i.e. heat, electricity, CO, and H,).

Depending on the scenario, the HT SOC and reverse water gas shift routes are the cheapest.

3.1.3 Summary of syngas routes

Producing syngas is an important process in most analysed CCU processes from CO,. The best
economic and environmental syngas route depends a lot on the scenario assumptions, i.e. the
electricity and hydrogen price and environmental impact. CO,/steam reforming of Sabatier methane
and high temperature solid oxide cells (HT SOC) have the lowest environmental impact if
decarbonized energy is used, but especially HT SOC has the highest impact for the current energy
mix, while reverse water gas shift (r'WGS) is quite good for every energy mix. As the costs are also

largely determined by the energy input, the best economic routes are also HT SOC and rWGS
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depending on the economic scenarios (though the cost differences between rwWGS and dry reforming

of Sabatier methane are minimal).

An important point to keep in mind is that the H,/CO ratio is not the same for all routes. Especially
r'WGS has no hydrogen in the output and needs to add additional hydrogen up to the ratio needed by
a given process. On the other hand, HT SOC has about 13 wt-%' and CO,/steam reforming around
18 wt-% of hydrogen. If the following process needs less hydrogen, this has to be adjusted after the

syngas production. In this study, we assumed that the H,/CO ratio would be adjusted by:

either a rWGS process between the syngas producing route and the following process to
reduce the hydrogen content,

or by adding hydrogen from the scenarios to the syngas.

When looking at a pathway in detail, it is important to use the best syngas route and to check how best
to adapt the H,/CO ratio. Since the main motivation behind CCU is to reduce GHG emissions and
broaden the raw material base and since the current costs for all syngas pathways analysed are
significantly higher than the conventional ways of production, the rest of the economic analysis
focuses on HT SOC and rWGS because they tend to have the lowest costs while having the lowest
GHG emissions. Nevertheless, depending on the energy scenario, another syngas route might be a

better choice.

3.2 Results for all pathways

The following sections provide a comprehensive overview of the results for both the environmental
and economic assessments.

3.2.1 Environmental assessment overview

Figure 6 shows the range of GHG emissions for all pathways over all scenarios and syngas routes,
compared to the range of GHG emissions of the reference over all scenarios. A large range indicates
that the pathway uses a lot of energy inputs (hydrogen, electricity, heat) and thus depends on
decarbonized energy to be able to compete with the GHG emissions of the reference. Some pathways
(like ethylene carbonate and calcium carbonate from CO, or ethanol and methanol from CO) have a
narrow range because the chemical reaction does not require a lot of energy. Others like ethylene,
propylene, xylene or benzene have a high energy consumption, but can save GHG emissions if this

energy is decarbonized.

" Weight-%. For HT SOC, 1 kg of syngas contains 0.87 kg of CO and 0.13 kg of H.
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Figure 6: Overview over GHG emissions for all pathways compared to the reference  range

over all scenarios and syngas routes. For details, see Figure 9.

All pathways benefit from the GHG credit of the CO or CO, incorporated into the product and have
lower GHG emissions than their reference in the Decarbonized energy scenario. Different pathways
have different proportions of inputs (CO, CO,, hydrogen and energy supply: heat/electricity), which

influences the break-even point with the reference technology.

For pathways from CO, for example, if using syngas from CO,/steam reforming of fossil methane,
DME, FT fuels and methanol might already have lower GHG emissions with today s energy mix than
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the reference®. Other pathways, especially for more complex molecules like olefins or aromatics, use
more electricity, heat and hydrogen and only emit less GHG than the reference with approximately 80-
90 % of renewables in the energy mix. But once the energy mix is decarbonized, they can save more
GHG than the shorter molecules. Energy input for those pathways is high, so it is important to keep in

mind renewable energy availability when looking at large-scale deployment.

For CO based pathways, all pathways can save GHG emissions with as little as 50 % of renewables in
the energy mix°. Again, longer molecules can incorporate more carbon per kg of product and therefore
have a higher GHG reduction potential if produced with decarbonized energy. As CO has a higher
energy content than CO,, most pathways use less electricity and heat than the CO, pathways and are

less dependent on a high renewable energy share.

3.2.2 Economic assessment overview

The economic assessment shows the range of costs, accounting for all scenarios and syngas routes.
It shows that for most products, the CCU pathways have a much higher cost (up to almost 1500%
more) than the current market price, and that only for very few pathways the costs can be close or
even lower than the market price. In the next chapter (5) we analyse the main drivers causing these

important price differences.

The following diagram shows the range of costs for the different pathways and their current market
price. The bars represent the range between the lowest and highest production cost for 1kg of product
from the different combinations of scenarios and syngas routes per pathway, taking into account
CAPEX and OPEX.

8 But as one goal of CCU is to reduce the dependency of the chemical industry on fossil sources, reforming of

fossil methane is not seen as the right solution.

° Energy mix means electricity, heat and hydrogen as well as CO capture and conditioning.
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From this diagram it can be noted that:

- In a few cases we find competitive results across all p athways and syngas routes
(ethylene carbonate, 1,3-butadiene and ethanol), where the assessed costs are always under
the current market price. However, this does not mean that we expect these routes to be
necessarily more profitable than the conventional pathways by 2030. As mentioned earlier on,