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With respect to the climate goals of the Paris agreement, different carbon dioxide
(COo) reduction strategies are discussed for industrial processes. For a comparison of
these strategies—carbon direct avoidance (CDA), carbon capture and storage (CCS),
and carbon, capture, and utilization (CCU)—a holistic view is mandatory. In this article,
recent literature is at first analyzed for stringent methodology, transparency and applied
assessment criteria. Secondly, a new set of assessment criteria is presented: Beside
the carbon reduction potential, the energy demand and costs, additional criteria for
the mid-term impact of a CO» reduction strategy like the reuse potential or social
acceptance are analyzed. In a third step, publicized data is converted into consistent
system boundaries. Deriving from the life cycle assessment (LCA) the method “system
expansion” is selected. The impact of the system expansion approach is demonstrated
by calculation of the CO, and the energy balances of the CCU approach within
different system boundaries. The system expansion is visualized systematically under
the consideration of the different processes. The Carbon2Chem® project is described
as one example for the CCU approach of the steel and chemical production, which offers
a CO, reduction of about 50%. Additionally the CO» reduction potential is expandable
proportional with increasing utilization of top gases. A consistent level of the energy
demand for the CCU approach is shown compared to the conventional production
processes of steel and chemicals.

Keywords: carbon capture and utilization, CCU, carbon circular economy, Carbon2Chem, cross-industrial
network, system boundaries, system expansion, CO, reduction

INTRODUCTION

With the Paris Agreement, the international community is pursuing an ambitious goal: the
reduction of greenhouse gas emissions and the associated reduction in global warming to <2°C
(United Nations, 2015a). The natural carbon cycle including carbon dioxide (CO;) is balanced
between sources such as living organisms and sinks such as plants or the ocean. Increasing
anthropological CO, emissions have created an extreme imbalance on the sources” side leading
to a higher atmospheric CO; concentration and therewith increased global warming (IPCC, 2014).

Among CO, reduction measures like the reinforcement of the natural sinks by afforestation and
stop of deforestation several technological strategies are already existing. For individual sectors,
however, there are different approaches possible. The most obvious for example is the approach to
avoid the usage of carbon directly (CDA). This can be achieved for example by increased energy
efficiency or substitution of conventional fossil resources by renewable alternatives (Bazzanella
and Ausfelder, 2009). On condition that the standards of living in industrialized countries are
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maintained, the avoidance of carbon is insufficient to reach the
climate goals. The substitution of carbon in certain industrial
processes is limited, especially if it is required as a reacting
agent. In the steel sector for example the application of coal as
a reducing agent can only be avoided by changing the whole
process on a natural gas or hydrogen basis. This steel specific
CDA technology is called direct reduction and in pilot stage
of development.

The second opportunity to reduce CO, emissions in case of
carbon being part of the process, is the long-term storage of CO,
in the ground. This end-of-pipe solution in specific sectors is
called carbon capture and storage (CCS). Politically and legally,
however, this technology is not sustainable and not permitted in
some countries. Thus, it represents only a conditional solution.

The third strategy for CO; reduction in industrial processes
is to capture and utilize the CO, (CCU) by converting it into
products e.g., for the chemical industry. Renewable energy as well
as educts and products are connecting different industrial sectors
to a cross-industrial network. Thereby fossil fuels in one industry
are replaced by the carbon rich process gases of another sector as
a carbon source. Depending on the technology, renewable energy
is necessary for the utilization of the process gases. Thus, an
optimum on system level and the reduction of overall emissions
are aspired (Oles et al., 2018). The multiple use of carbon is an
approach toward closing the anthropogenic carbon cycle again.
By recapturing the carbon either already as a C1 building block
or ultimately in the oxidized form of CO, the carbon is supplied
to a circular value chain. The additional benefit of CCU is next
to the carbon reduction the assurance of sustainable resources.
CCU herewith has the potential to support the circular economy.

With the Carbon2Chem® project, thyssenkrupp together
with 16 partners has initiated a first step in the large-scale
utilization of CO, emissions from top gases of the steel
production. The implementation of a cross-industrial network

between the steel, the chemical and the energy sector enables one
part of the circular economy with carbon monoxide and dioxide
as the feedstock. The goal is to find a feasible system optimum
regarding CO, reduction.

In this work the impact of CO; reduction strategies CDA,
CCS, and CCU on an integrated system is investigated under the
thesis that social, economic and environmental considerations
are mandatory to achieve sustainability. To enable a fair
comparison, one technology for each of the strategies is examined
in detail. The exemplification ensures the transparency which is
an essential base for an assessment. The focus is on the recycling
of carbon in process gases toward a circular economy.

METHODOLOGY

Meta Analysis of Technology Assessments
for CO> Reduction

For the state of the art on CO, reduction strategies, a
meta-analysis of current publications has been done. In 14
recent publications dealing with climate mitigation pathways
in Germany and Europe, the strategies of carbon avoidance,
carbon storage and carbon utilization have been investigated.
The selected studies (Table 1) base on the topic CO; reduction
strategies and were under discussion in 2018. The selection
is a subjective extract without any claim to completeness.
The methodologies on cost calculation, energy demand, and
CO; reduction potential have been analyzed qualitatively. In
particular, the applied system boundaries of the methodologies
have been considered. Additionally the publications have been
quantitatively and qualitatively investigated with a focus on the
keywords circular economy, sector coupling, substitution of fossil
fuels, social impact. Common criteria of technology assessments
in public reports are analyzed and unconventional criteria are
evaluated by its impacts.

TABLE 1 | List of studied publications.

Title References Author Publication
year
Climate change: synthesis report IPCC (2014) IPPC 2014
Prozessemissionen in der deutschen Industrie und ihre Bedeutung flr die nationalen Loésch et al. (2018) IREES 2018
Klima-schutzziele —Problemdarstellung und erste Losungsanséatze
Leitstudie Integrierte Energiewende Brandlinger et al. (2018) Dena 2018
Klimapfade fur Deutschland Gerbert et al. (2018) BDI, BCG 2018
Entwicklung der Energieméarkte-Energiereferenzprognose Schlesinger et al. (2014) Prognos 2014
Politikszenarien flr den Klimaschutz VI Matthes et al. (2013) UBA 2013
Sektorkopplung Ausfelder et al. (2017) Acatech/Leopoldina/ 2017
Akademienunion
CCU und CCS-Bausteine fur den klimaschutz in der industrie Wenzelides and Acatech (2018) Acatech 2018
Low carbon energy and feedstock for the European chemical industry Bazzanella and Ausfelder (2017) Dechema 2017
Barriers to industrial decarbonization. Lytton (2018) Sandback 2018
World energy outlook IEA (2017) IEA 2017
Sektorale emissionspfade Deutschland Wohlfarth et al. (2016) Okoinstitut 2016
Energieszenarien flur Deutschland Kublik et al. (2017) Shell 2017
Technologiebericht CO,-abscheidung und speicherung Markewitz et al. (2017) FzJ 2017
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A first multi criteria collection has been developed to enable
a fair comparison of CO, reduction strategies under ecologic,
economic, technological, and social aspects. Furthermore,
multiple use of carbon instead of only linear pathways
is considered.

System Expansion

Exemplary for the CO; reduction strategies in the sectors steel,
energy, and chemistry, the problem of narrow system boundaries
with singular consideration of sectors and solutions is shown in
Figure 1.

On the top of Figure 1 a classical system boundary approach
is shown. Each sector (steel production, chemical industry,
transport, etc.) is balanced individually independent from the
carbon and/or fossil fuel source. However, on the bottom
a new system approach with expanded system boundaries
in a cross-industrial is shown, where the top gases of one
industry serve as carbon source for the other sector. In such
a cross-industrial network to the allocation of the emissions
to the steel sector is insufficient, because the emissions of the
up- and downstream supply chain are affected. The chemical
and end user industry have to be added into the system
boundaries. This approach called system expansion (European
Commission Joint Research Centre, 2010) is explained in
the “Techno-Economic Assessment & Life-Cycle Assessment
Guidelines for CO, Utilization” (p. 120) for application on
CCU and is one methodology regarding multi-functionality.
System expansion “shall be applied (...) if subdivision is
not possible” (Zimmerman et al, 2018). The approach of
subdivision shown in the example of Figurel (top) is not
applicable here, because the carbon source has an effect on the
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FIGURE 1 | Comparison of system boundaries in singular (Top) and circular
(Bottom) system approaches.

whole system. Additionally, for a conclusive comparison it is
mandatory to represent the conventional system with the same
system boundaries.

Varying system boundaries as well as low levels of
transparency are complicating a robust comparison of published
data so far (see Results and Discussion: Meta-Analysis of
Technology Assessments for CO, Reduction). For that reason,
publicized data have been converted into consistent system
boundaries during this work. The system expansion approach
according to Figure 1 is applied on the steel and the chemical
sector. The application on further sectors e.g., cement or lime
sector instead of steel is possible as well. The difference of
the CCU approach for cement or lime processes is the gas
composition: due to hydrogen and carbon monoxide the steel
gases are beneficial.

In a first step the selected conventional processes are
presented in block flow charts (see Figure 2). Furthermore, the
approaches CCU, CCS and CDA are introduced in block flow
charts to increase transparency and visualize the options of
process modifications.

Conventional Processes

The conventional process of steel production via the blast furnace
route is shown at the top in Figure 2. In a coking plant the coal is
processed to coke for the blast furnace. In the sinter plant and
the pelletizing the iron ore is processed into sinter or pellets.
Afterwards the crude steel is produced in the blast furnace, where
iron ore is reduced by coke to iron. The liquid crude steel is
processed with oxygen in the converter to steel. The following
secondary metallurgy result in steel strips, bars or wires. For the
comparison hot rolled steel is appropriate to be considered as the
final product. About 60 Vol.% of the top gases are combusted in
a power plant. Blast furnace gas (BFG) and coke oven gas (COG)
are utilized to produce electricity and steam. The rest of the top
gases is used internally e.g., for the hot rolling mill or in the blast
furnace for preheating.

On the bottom of Figure2 the conventional processes of
methanol production via synthesis gas and urea production via
Haber-Bosch process are presented exemplarily for a chemical
product out of syngas (Bazzanella and Ausfelder, 2017). In
both processes the syngas is produced via steam reforming of
natural gas.

Generally, the CO, emissions can be subdivided in direct
and indirect emissions. During the steel production, direct
CO; is emitted after combustion e.g., in the gas power plant
or torches. Indirect CO; is caused by natural gas and coal
usage. In the chemical production similarly natural gas causes
indirect CO; burdens as well as direct emissions through
reforming of methane. Additional, electrical energy, fuels and
steam are necessary for the chemical synthesis and affect both
the CO, and energy balance. Today both the energy and the
CO;, balance are based on the single processes and result
in a CO;, footprint for steel and a CO, footprint for the
chemical product.

CCU-Approach
To connect the chemical and the steel sector the idea of
Carbon2Chem® is to use the top gases as an essential link.
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(Bazzanella and Ausfelder, 2017).
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FIGURE 2 | Block flow chart for the conventional processes of steel production (Top) and chemical synthesis (Bottom) derived from dechema

FIGURE 3 | Block flow chart for a CCU process.

A A
Co, CO,
I |
e L «—Energy— Power Plant
Iron ore—»!
B Basic oxygen 3
A
Sintering Blast furnace furnace Off-gases co,
1« | ]
Coal—>{| Coke plant 60 % Gas L. co.con N Chemical
ofgases’| Conditioning [ > '~ > 7|  Synthesis | chem. products
x X L
Energy Scrap £} 7 ) A
| | Energy Energy Pliz
| |
A .
40% CO2 Electrolysis
of gases* )
o B3 ¥
Hot rolling ——Steel—> Energy
*CO, Ha, CO,, Ny, CHs Crude steel————— —By-producs—» I
7 Y

Energy
|

Thus, in a second step the CCU approach in a cross industrial
network, which is visualized in a block flow chart, is presented
in Figure 3.

The flow chart in Figure 3 shows a complex system of a
CCU process. The metallurgical gases like BFG and COG are
purified and conditioned in a gas conditioning plant for the

following chemical synthesis. Additional hydrogen has to be
added depending on the chemical products. The steel is produced
via the conventional blast furnace route. Due to the multiple
products of the system, a product market basket has to be
defined. Subsequent for every product the conventional process
(see Figure 2) serves as a comparison.
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For the calculation of the CO, reduction enabled by the
CCU process, assumptions and conditions have to be chosen.
At first the amount and the composition of used process
gases have to be fixed. This represents the maximum reduction
potential. Capturing and utilization of 100% of the process gases
affects the whole process of steel production due to internal
demand. For internal steel processes top gases are used for
heating and electricity production. These amounts would have
to be substituted by additional electricity from renewables or
natural gas.

The composition of gases has an impact on both the energy
and the CO, balance. Due to the ratio of nitrogen (N3),
hydrogen (H,), carbon monoxide (CO), and CO, the attainable
amount of the product and the demand of external hydrogen are
determined The ideal reduction potential of the CCU process
is reduced by losses in the gas purification and conditioning
and by partial conversion during the chemical synthesis due to
thermodynamic equilibrium. Additional indirect CO, emissions
occur due to burdens of electrical energy, natural gas or heating.
Compared to the conventional process, the emissions of the gas
power plant are abolished. In case of burning gases released from
chemical synthesis like purge gas in the power plant, the resulting
CO; emissions have to be considered as well.

For the calculation of the energy demand an energy balance
of all subunits of the system in Figure 3 is necessary. The
integrated steel mill has an energy demand of coal, vapor, natural
gas, and electric energy for the coking plant, sintering and
pelletizing plant, blast furnace, steel converter, and the secondary
metallurgy. The primary energy input is optimized through the
integration of COG, BFG, and basic oxygen furnace gas (BOFG)
as well as water and heat integration. Further electrical energy
is used for the gas conditioning and chemical synthesis through
heating and compression as well as for the hydrogen production.

In a third step, the system expansion approach is applied
equally to Figure 3 on the CCS and CDA concepts. The same
system boundaries of the CCU process are transferred to CCS
and CDA processes (see Figures 4, 5) although these are generally
regarded for the steel sector only. Here, the conventional
chemical synthesis has to be added according to Figure 2 for the
comparison resulting in an identical product market basket.

CCS-Approach

Figure 4 visualizes the process steps of the CCS approach in the
steel industry and the additional conventional chemical process.
The conventional steel process of an integrated steel mill is not
affected because CCS is best applicable as a post-combustion
process after the power plant, because of the highest CO;
concentration and less impurities due to the burning process.
All top gases used in the internal processes are not captured in
this case similar to the CCU process. These internal used gases
are potentially usable for CCS and CCU with a higher effort.
The purest CO; stream is formed during the combustion within
the power plant and yields in a concentration of up to 35%
(von der Assen et al., 2016). The real CO, reduction potential
is reduced by losses e.g., by purification, transport emissions,
and burdens of energy through compression and injection into
the ground. To consider the same system boundaries as for
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FIGURE 4 | Block flow chart for CCS processes after the steel and the
chemical production.

the CCU approach the emissions and the energy demand of
the conventional chemical production have to be considered
according to the amounts of the chemical product synthesized
in the CCU process.

CDA-Approach

The same step of applying the system expansion to the CDA
approach on the steel and the chemical sector is presented in
Figure 5.

Figure 5 presents the steel production via direct reduction
of iron ore and a following electric arc furnace (EAF). The
primary metallurgy is completely different to the conventional
steel process. The iron sponge is produced via direct reduction of
iron ore pellets with hydrogen. Pellets or fine ore are inserted with
reducing agents to the shaft furnace. For the maximal reduction
of CO;, hydrogen as reducing agent with a low CO; footprint is
reasonable and only a minimal use of additional natural gas. It has
to be considered that the technology readiness level (TRL) for the
use of hydrogen (H,-DRI) as reducing agent is lower compared
to the same process based on natural gas (NG-DRI). The use of
natural gas in the H,-DRI process is still necessary because of
temperature requirements and for a minimum C-content in steel
of 1.5% for metallurgical properties (Ravenscroft, 2017). In the
EAF the iron sponge is manufactured to crude steel by use of
electric energy and under injection of coal for slag foaming. The
share of steel scrap in the EAF has to be similar to the share in
the oxygen converter to ensure same basic conditions to the BF-
route. The secondary metallurgy from crude steel to steel coils
or slabs is in both cases comparable. But due to the absence
of usable metallurgical gases, the primary energy demand rises.
In all process steps electric energy or heating are required and
cause in indirect CO, emissions. Direct CO, emissions occur
in pelletizing, in the shaft furnace for direct reduction due to
oxidation of natural gas and in the EAF due to injection coal. To
consider the same system boundaries as in the CCU approach
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FIGURE 5 | Block flow chart for a CDA process (Top) and the conventional chemical production (Bottom).

the CO, emissions and the energy demand of the conventional
chemical production have to be considered.

Based on the block flow charts (Figures 3-5) of the different
CO; reduction or avoidance strategies, the emissions, the
reduction potential, and the energy demand are calculated for
the single process steps. Subsequent, schematic bar charts are
developed to represent the CO, reduction and the energy
demand of the CCU process. Both the CO, reduction and the
energy demand are presented subdivided in all subunits that have
an influence on the CO; or energy balance. The focus of this
article is the systematic structure of the qualitative comparison of
the CO; reduction as well as the energy demand of CO; reduction
strategies. In this way the basis for transparent and comparable
technology assessments is created.

RESULTS AND DISCUSSION

Meta-Analysis of Technology Assessments
for CO, Reduction

The impact of a CO, reduction strategy depends on several
criteria. The results of the meta-analysis of publications about
CO; reduction strategies like CCU show different methodologies
and assessment tools. Both the methodologies and the criteria will
be explained more in detail below.

The most common methodology is the definition of
transformation pathways. Taking for granted to stay below 2
degree global warming by CO; reduction, different pathways
can be defined to implement the transformation. The definition
of these pathways is made via scenario analysis, simulations,
energy models, expert discussions or stakeholder workshops,
sensitivity analyses or literature researches. A few studies name
specific technologies like CCS or CCU which are necessary
to implement one pathway. The following points are the key
findings concerning the methodology:

e Results of life-cycle-assessments are quoted in one study
(Wenzelides and Acatech, 2018).

e Consideration of functional units are used in one study
(Bazzanella and Ausfelder, 2017).

Beside these two studies system boundaries are not transparent
and therefore difficult to understand:

e Underlying assumptions and boundary conditions are missing

e Focus on single sectors instead of the whole system (Five
studies mention “sectorcoupling” (IPCC, 2014; Ausfelder et al.,
2017; Briindlinger et al., 2018; Gerbert et al., 2018; Losch et al.,
2018), but three of them only in the context of electricity
and heat)

e Missing consideration of upstream chains (Gerbert et al., 2018)
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e Possible risks and chances of technologies are only
described qualitatively

e No uniform assessment criteria for CO; reduction approaches.
Subsequent the most common criteria of the studies are
explored in more detail.

Following the common assessment criteria (i) CO, reduction
potential, (ii) energy demand, and (iii) economic viability
are described. The uniform use of the three criteria in the
investigated studies is put in question and examples are given.
Furthermore, the more uncommon criteria (iv) TRL level,
(v) substitution of fossil fuels, (vi) reuse potential, and (vii)
social acceptance together with respective consideration in the
investigated studies are described.

CO; reduction (i) is the goal of most of the studies. Still, there
is no consistent key performance indicator used in the analyzed
studies. In six of the studies the CO; reduction potential is given
in tons per year. Besides that only qualitative statements are made
like “low” or “high.” In one study the CO, demand is calculated as
well. In six of the analyzed studies no assertion of CO; reduction
of a special technology is made. Due to the high differences in
the methods and assumptions the stated numbers for the CO,
reduction vary, as shown in Table 2.

The energy demand (ii) is another common criteria to
assess and compare technologies. Especially because of the
mandatory use of renewable energy, the availability is limited.
The calculation in the analyzed studies are highly diverse. In six
studies a quantitative statement in relation to energy is made.
These figures vary between specific energy demand in MWh
per ton of reduced CO,, MWh per ton of product, MWh per
ton of steel or hydrogen and finally efficiency losses of power

TABLE 2 | CO; reduction potential of the CCU, CCS, and CDA approach in
investigated studies.

Cccu CCs

Germany e Additional demand of 5 CO, reduction between

million tons CO» per year e Legal maximum of 4 million tons
without fuel production CO. stored per year (Brindlinger
(Brundlinger et al., 2018) etal., 2018)

Potential of 72.9 million tons 12.3 million tons CO, in total

plants and the energy demand for the whole chemical energy in
TWh per year. Concerning the production of chemicals or steel
there are rare data on the energy demand per ton of product,
which are shown in Table 3. The energy demand and the CO,
reduction are of major interest for the stakeholders. Due to
different definitions, assumptions and system boundaries the
system expansion approach is applied on both these criteria in
the last section of the results.

Beside the energy demand and the CO, reduction, the
economic viability (iii) is often mentioned for a comparison
of CCU, CCS, and CDA and highly important for companies
and funders. The market potential and costs are therefor used
commonly in specific technology assessments (Otto, 2015; Pérez-
Fortes and Tzimas, 2016; Kennedy et al, 2017; Hank et al.,
2018; Szima and Cormos, 2018). A definition of costs is not
applied uniformly in different studies. A widely shared opinion
is that the costs for electricity have been found the most
relevant cost drivers (Szima and Cormos, 2018). Revenues
generated by co-products in case of CCU are often out of the
scopes (Losch et al., 2018) and thereby distort the cost benefit
analysis. Costs for infrastructure, like pipelines or availability
of renewable electricity through electricity grids are neglected
in the considerations. Furthermore, the market potential for
CCU, which is connected to the total CO, reduction potential
in many publications is based on the current demand of
the products instead of future assumptions. For example in
the fuel market the demand of today and of 2030 might
differ appreciably because of changes toward climate friendly
transport policies. Under these different assumptions and system
boundaries the values for costs are incomparable, which is shown
by major discrepancies. The range of costs is presented in
Table 4.

TABLE 3 | Specification of energy demand of the CCU, CCS, and CDA approach
in investigated studies.

CCU CcCs CDA
Energy e 11.02 MWh per ton of 1 MWh per ton CO» no
demand methanol (Bazzanella and  including electricity and information

Ausfelder, 2017)
11.5 MWh per ton of

fuel demand (Pfluger
et al., 2017; Brandlinger

EU

CO» (from refineries,
chemistry, steel, cement)
until 2050 usable for
synthetic fuels (Ausfelder
etal., 2017)

17.9 million tons of fossil
fuels in 2016 used in
chemical sector which can
be substituted by CO»
(Wenzelides and Acatech,
2018)

Maximum CO» emission
reduction through synthetic
fuels and chemicals is
estimated on 498 million
tons of CO, in 2050
(Bazzanella and Ausfelder,
2017)

captured via CCS out of process

emissions in 2030 (Matthes et al.,

2013)

93 million tons captured CO» in

total (steel, ammonia, cement,

refinery, incineration) in the 95 %

pathway (Gerbert et al., 2018)

Storage capacity is cautiously
estimated on

e 9.15 billion tons CO» in saline
aquifers and natural gas fields
(Wenzelides and Acatech, 2018)

Storage capacity is

estimated on

e 203 billion tons COs in saline
aquifers and natural gas fields
(Wenzelides and Acatech, 2018)

cautiously

methanol (Wenzelides
and Acatech, 2018)

4-5 MWh per ton of crude
steel via CCU out of steel
gases (Losch et al., 2018)

etal., 2018)

TABLE 4 | Cost ranges for CO, reduction in the investigated studies.

Minimum costs

Maximum costs

CCS 3.5 € per ton of CO, 148 € per ton of CO,
(IPCC, 2014) (Brundlinger et al., 2018)

CCU 180 € per ton of reduced CO» 600 € per ton of reduced CO»
(Bazzanella and Ausfelder, (Bazzanella and Ausfelder,
2017) 2017)

CDA 450 € per ton of crude steel 490 € per ton of crude steel

(Losch et al., 2018)

(Losch et al., 2018)
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The criteria costs (iii) and CO; reduction potential (i) are basis
of most of the assessments. To assess the impact of a technology
and the success of implementation more in detail; additional
criteria have to be found. Therefor a first collection of criteria has
been done (see Figure 6).

Some of the less common criteria are described more in
detail and the number of mentions in the investigated studies is
observed to show the consideration so far.

Technology Readiness Level (TRL)

The TRL (iv) is mentioned in a few assessments (Pérez-Fortes and
Tzimas, 2016; Ausfelder et al., 2017; Bazzanella and Ausfelder,
2017; Markewitz et al., 2017; Gerbert et al., 2018). Especially in
terms of funding programs a specific TRL is often a prerequisite.
The TRL indicates the time required to implement a technology
commercially. To stop the climate change, urgent action is
necessary. This shows the warning of the global risk report
2018 that puts climate change as the highest risk factor (World
Economic Forum, 2018). To estimate the time to a commercial
implementation with a significant impact of CO, reduction
different factors have to be considered. These include the TRL,
the availability of resources such as energy, as well as legal permits
and mandatory infrastructure. The infrastructure demand is
for example related to access of green energy, pipelines for
transportation of products and raw material like the concentrated
and purified CO, gas streams. Additionally the amount of
invest costs and the occurrence of current assets affects the
time to commercialization. For example in the steel industry
the lifetime of a blast furnace lasts 15-20 years. Thus, the
implementation of a new technology with new construction of

Circular economy

support Social acceptance

Raw material availability

Health risks

Product market
potential

Legal framework

Costs & Revenue

Potential

Scalability co

2
reduction strategy

Add. environmental
Impacts

Process efficiency

Technology
readiness level

Substitution of
fossil fuels

Infrastructure demand

CO, reduction (GWP)

Dynamic behavior
Reuse potential

Energy demand

FIGURE 6 | Selection of criteria as an approach for a holistic assessment of
the potential of a CO, reduction strategy.

plants is most promising when a lifetime of a plant is coming to
an end.

Substitution of Fossil Fuels

The substitution of fossil fuels (v) in conventional processes
by CO; based carbon feedstock reduces the CO, emissions
if the process emissions for the CCU process are lower than
the extraction of coal, gas or oil. The comparison to the
conventional process shows the effective CO, reduction even if
the technology is not emission negative by itself (Zimmerman
et al., 2018). For example the production of fuels out of CO,
for the transport sector substitutes common fossil fuels even if
the CO, is emitted after the combustion. The substitution of
conventional produced electricity by renewable energy sources
has to be taken into account in this criteria as well. Especially
for the chemical industry the question of resource availability
highly important. The organic chemical industry is based on
carbon. For the transformation to a low carbon economy,
the carbon has to be taken from industrial or biological
sources instead of fossil fuels. This aspect of CO, reduction by
substitution is mostly neglected in studies: In the 14 analyzed
publications only six mention the criteria substitution of fossil
fuels in their studies (Bazzanella and Ausfelder, 2017; IEA,
2017; Briindlinger et al., 2018; Gerbert et al., 2018; Losch et al.,
2018; Lytton, 2018). In case of recapturing the carbon after
the use phase, the CO; reductions are multiplied (Briindlinger
et al,, 2018; Losch et al, 2018), which is the attempt of a
circular economy. The effort of recapturing the carbon again
to replace a raw material has to be investigated for every
single technology.

Recycling

Recycling (vi) has an impact on environmental and economic
value of a technology. Recycling is applicable on different
process steps of a technology. Especially the reuse potential
of the product affects the CO, balance of the life cycle. Yet
the reuse potential is not clearly defined and not considered
in technology assessments of CO, reduction strategies. Only
in automotive technology assessments and municipal waste
treatment reuse is rated (Kroll, 2007; Sadhukhan et al., 2016).
In the investigated studies only five mention the terms cycle
or circular economy (Ausfelder et al, 2017; Bazzanella and
Ausfelder, 2017; Briindlinger et al., 2018; Losch et al., 2018;
Lytton, 2018). The options of reusing the whole product or
parts of it have to be considered as well as the kind of disposal:
storage in dumps, chemical, or energetic recycling. In case
of chemical recycling the decomposition in chemical building
blocks is preferred. If only a burning process is applicable, the
distribution and concentration of carbon effects the possibility
of carbon dioxide recycling. The reuse potential is interesting to
assess technologies which are promoting a circular economy. A
high reuse potential qualifies the process or product being one
part of a closed carbon cycle. In an energetic point of view, a
reuse potential is maximized if the carbon is fed back in the
cycle as early as possible. A C1 building block needs less energy
than the oxidized carbon to be used as a raw material in the
circular economy.
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Acceptance

Finally the social acceptance (vii) of a technology in the
society is a highly critical condition for a commercial
implementation. Especially in Germany the examples phasing
out nuclear energy or prohibition of fracking have shown the
influence of the civil society (Knopf et al., 2011; Drogemidiller,
2017; Stiptitz and Schlereth, 2017). Considering the global
impact of a new technology, the effects on human rights,
environmental, and economic risks or chances in the whole
value chain are mandatory. Therefor all stakeholders have to
be involved in the discussion in case of an implementation.
Still only 2 of 14 investigated reports mention acceptance
in their results (Schlesinger et al., 2014; Brindlinger et al,

2018). Moreover, Zimmermann confirmed that “social
assessment shows low or no representation” in further techno
economic assessments (Zimmermann and Schomicker,

2017). Critical points for the acceptance of the society
globally are health, safety, food, and environmental risks,
more precisely defined in the sustainable development goals
(United Nations, 2015b). Especially in Germany additional
critical points are waste treatment and the construction of
new infrastructure. The construction of new infrastructure
is highly connected to the energy transition in Germany,
where the basis are wind turbines, gas pipelines, solar panels
and power transmission lines. Further impact factors for
social acceptance are high costs for public funded projects
and permanent storage approaches like CCS or waste of
nuclear energy.

System Expansion

Derived from the analysis of criteria in common technology
assessments regarding CO; reduction strategies, the energy
demand and the CO; reduction potential are criteria of special
interest. Thus, the energy and CO, balance of the CCU, CCS,
and CDA approach described in Figures 3-5 are analyzed here.
To create a basis for a fair comparison the system expansion
approach is used. According to Figure 1, the system expansion is
applied on the example of the Carbon2Chem® project with the
steel and the chemical sector.

CO, Reduction
CCU-approach
The starting point is the CCU system shown in Figure 3, where
steel production via the conventional blast furnace route and the
chemical production are connected. The CO, emissions of each
of the process steps are added for both the steel and the chemical
production. Figure 7 illustrates the impact the system expansion
approach for the CCU technology regarding CO; reduction.
The light blue bars on the right in Figure 7 represent the
summed up CO, emissions of all process steps of the different
systems. In the diagram on the top (a) the single sector view
for conventional steel production via blast furnace route is
shown. The direct CO, emissions per ton of crude steel are
separated in emissions due to internal users like the cowpers,
diffuse CO, emissions and concentrated CO, emissions after the
power plant. The diagram (b) presents the application of the
system expansion approach and considers CO, emission of the

conventional steel production (gray) plus the CO; emissions due
to the feedstock and the process of a conventional chemical plant
(dark blue bars). The total CO, emissions (light blue) serve as
base case for the comparison with the CCU result. Diagram (c)
demonstrates the CO, emissions of the CCU approach: The light
blue bar on the right represents the total CO, emissions due
to non-avoided, or additional emitted CO, of the whole CCU
system with steel and a chemical product in the product basket.
The gray bar represents the unavoidable CO, emissions of the
steel production under the assumptions taken in Figure 2 that
only the top gases burned for electricity generation are used
for CCU. Increased use of top gases in CCU technologies—as
well as in CCS—Ileads to higher modifications of the process
and higher investment and/or conversion costs. To increase the
amount of usable gases either more capture units are necessary
to cover the distributed CO, sources behind the subunits of
the steel production or the gas is redirected in front of the
subunits and the heating processes have to be substituted with
electric power. Due to the shutdown of the power plant, the
electricity has to be substituted (gray). Utilization of chemical
off-gases in the power plant is not included here. The blue bars
in the middle represent either the direct or indirect emitted
CO;, for purification, compression, and conditioning of the top
gases and the subsequent chemical synthesis. The right blue
bar includes the hydrogen production via electrolysis. Here, for
the electricity supply wind park energy is considered. In case
of the emission factor of 2018 in Germany the CO, emissions
are multiplied enormously. The CO, amount of the chemical
productions in (b) and (c) is scaled according to the ratio ton
of product per ton of crude steel. Nevertheless, the amount
and the quality of the product is identical in (b) and (c).
The size of the bars can vary with the chemical product and
product specific assumptions. The bars of Figure 7 are based on
methanol as a chemical product. In case of recycling or multiple
use of the chemical product it is possible to reduce the CO,
emissions furthermore.

Due to the combination of the blast furnace route with
CCU the CO; balance of steel is already improved compared
to (a), because renewable electricity is used instead of power
from the gas power plant. But the difference between (a) and
(b) demonstrates the error if the steel sector only serves as a
comparison instead of the total system steel plus chemistry. The
qualitative diagrams of Figure 7 shows ~50% decrease of emitted
CO; for the CCU approach (c) compared to the conventional
routes (b) if system expansion is applied. The decrease illustrates
the potential of CCU for CO; reduction under specific conditions
and not in general.

CCS-approach

The CCS approach according to Figure4 is extended from
the steel to the chemical process analog to CCU. But so
far only the single processes of e.g., coal power plants or
steel plants have been considered in terms of CO, storage.
For that reason Figure4 shows only a theoretical system
of CCS for steel and chemical waste gases and a plausible
calculation of the actual CO; reduction potential is not possible.
In case of applying the system expansion to CCS under
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FIGURE 7 | Impact of the system expansion approach considering total CO, emissions in ton of CO, per ton of crude steel: (A) CO, emissions of the conventional
blast furnace route (gray). (B) CO. emissions of the conventional steel (gray) and conventional chemical production (dark blue). (C) CO, emissions of the CCU process
including the blast furnace route (left gray bars) and the chemical production via utilization of top gases (dark blue bars). Wind power as electricity source is assumed.

present conditions, the emissions of the conventional chemical
process have to be added, but the theoretical CCS potential
is not represented. Furthermore, the aim of reduction of
fossil fuels as feedstock e.g., in the chemical sector is not
accomplished anyway.

CDA-approach

The CDA approach is a solution for CO, reduction in single
sectors. As shown in Figure 5, the direct reduction of iron ore
by hydrogen is the CDA technology for the steel sector. Due
to the system expansion, the chemical sector has to be added.
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The problem is that so far no approach except biomass feedstock
for direct avoidance exists in the chemical sector, because the
production is based on carbon feedstock. Therefor a stringent
CO; reduction potential for CDA is not calculated here. In case

Energy Demand
To assess the energy demand of the CO, reduction strategies
again the system expansion is applied.

of adding the emissions of the conventional process to generate  CCU-approach
the identical product market basket, the problem of fossil fuelsis  Tg increase the transparency of the energy demand
not solved. calculation, the CCU approach is subdivided in the
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FIGURE 8 | (A) Energy demand in MJ per ton of crude steel of the conventional production of steel only. (B) Energy demand in MJ per ton of crude steel of the
conventional steel and chemical production. (C) Energy demand in MJ per ton of crude steel of the CCU process. The total energy demand (light blue) is the result of
energy demand of all subunits.
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subunits according to Figure3. The results are represented
in Figure 8.

The total energy demand per ton of crude steel of the
conventional process for steel [gray bars in (a)] is often compared
with the energy demand of the CCU approach. Due to the
system expansion approach the energy demand of the chemical
process (dark blue) has to be added (b). The energy demand
of the CCU approach leading to the same product basket
is demonstrated in (c). The considered energy includes the
energy content of the feedstock e.g., coal or natural gas as
well as the upstream energy for the production of coal, iron
ore and natural gas, the energy content of the top gases,
demand for steam, fuels, and electricity for an integrated
steelmill and for a separated chemical process. In contrast
to the base case (b) the energy demand on (c) represents
the integration of chemical and steel production via CCU:
For the steel energy demand (gray) the electricity generated
in the power plant out of top gases in the base case has
to be substituted by renewable energy in the CCU process.
For the chemical process out of topgases (blue) compression
and purification (gas conditioning), hydrogen production via
electrolysis and steam demand influence the energy demand. The
comparison of the total energy demand (light blue) for CCU
and the conventional process via system expansion indicates
similar levels.

As described for the CO;, reduction of the CDA and the
CCS approach above, both strategies are not applied yet on the
chemical sector. For a comparison the energy demand of CCU,
CCS, and CDA, the conventional chemical production has to be
added or the energetic value of the product has to be subtracted of
the energy balance of the CCU process, which both would affect
the total energy demand of the system.

The application of the system expansion on energy balance
of the steel and chemical sector demonstrates again explicitly
the impact of the system boundaries. The conclusions on the
energy demand of the base case are significantly different without
consideration of the chemical sector.

CONCLUSION

Within this publication various studies on the carbon capture
and carbon avoidance technologies have been presented. The
main evaluation criteria for the different underlying technologies
were analyzed: CO, reduction potential and energy demand.
The shown discrepancy of carbon reduction potential and
energy demand in the investigated studies shows the necessity
of a comparison on system level. The view on only single
sectors like steel production gives a misleading conclusion
concerning the effectiveness of the applied approach. This is
presented by the comparison of the CCU approach including
the steel and the chemical production with the single sector
of steel production. The results of this work show that
the system expansion approach is applicable for CCU. A
major requirement is the consideration of an equal product
market basket. Technologies have to be compared by their

holistic impact, which means (i) equal system boundaries and
assumptions as well as (ii) representative criteria applied on a
circular economy.

The strong impact of the system expansion application on
CO; reduction potential has been demonstrated, comparing
only the steel sector to the CCU approach. In this case,
the CO, reduction potential is only about 20%. Under
consideration of an equal product basket the CO, reduction
potential increases to about 50%. Furthermore, in case of
increased amount of utilized top gases the CO; reduction
potential can be expanded proportionally. The impact of the
correct system boundaries is equally demonstrated for the
energy demand. There is no difference in the energy demand
for both the CCU and the conventional processes. But by
incorrect consideration of the sole steel sector as a base
case, the conclusion would be an increased energy demand
for CCU. For CCS and CDA the aim of an optimum on
system level has not been carefully considered so far in
literature. In the conventional processes either in the steel
or in the chemical sector fossil fuels still occur. For a fair
comparison of the CO, reduction potential and the energy
demand of the different strategies—CCU, CCS, and CDA—a
calculation based on system expansion with consistent conditions
is indispensable.

Additionally, the influence of including upstream chains into
the system boundaries is demonstrated for the CO, reduction as
well as the energy balance for all strategies affecting the feedstock.
Due to substitution of natural gas as the chemical feedstock,
the CCU approach reduces CO; and energy demand in the
upstream chain. Due to the fact that the electricity supply of
the integrated system has to be shifted from fossil to renewable
sources in all cases renewable energy supply is crucial. Finally the
availability of renewable energy is one leading factor concerning

the implementation of CO; reduction technologies.
For a holistic comparison of the different CO, reduction

strategies—CDA, CCS, and CCU—a general methodology
beyond CO, reduction and energy demand is mandatory.
Recent literature reveals gaps in stringent methodology and in
addressing technological, economic, environmental, and social
aspects. The impact of a CO; reduction strategy is determined
by ecological, economical, technological, and social criteria,
which cannot be considered separately. Especially in case of
circular economy the assessment has to consider the whole
system instead of single value chains. Mandatory criteria for
depiction of a circular economy like reuse potential and
substitution of fossil fuels are introduced and additional criteria
are under discussion. In this work representative criteria like
technology readiness level and social acceptance have been
evaluated. The impact and relevance of these criteria have
to be analyzed more in detail, applied on case studies of
specific technologies and validated by experts. Furthermore, the
completeness of criteria is not examined so far. To confirm
the conclusions and develop a multi criteria methodology for
a holistic comparison of the different CO, reduction strategies,
expert interviews with differentiated perspectives of stakeholders
provide a solution.
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