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Marginal Abatement Cost Curve of
Industrial CO, Capture and Storage -
A Swedish Case Study

Filip Johnsson*, Fredrik Normann and Elin Svensson

Department of Space, Earth and Environment, Chalmers University of Technology, Gothenburg, Sweden

Carbon capture and storage (CCS) is expected to play a key role to achieve deep
emission cuts in the energy intensive industry sector. The implementation of carbon
capture comes with a considerable investment cost and a significant effect on the plants
operating cost, which both depend on site conditions, mainly due to differences in flue
gas flow and composition and depending on the availability of excess heat that can
be utilized to power the capture unit. In this study we map the costs required to install
and operate amine-based post-combustion CO» capture at all manufacturing plants in
Sweden with annual emissions of 500 kt CO» or more, of both fossil and of biogenic
origin, of which there are 28 plants (including a petrochemical site, refineries, iron and
steel plants, cement plants and pulp and paper mills). The work considers differences in
the investment required as well as differences in potential for using excess heat to cover
the steam demand of the capture process. We present the resulting total CO» capture
costs in the form of a marginal abatement cost curve (MACC) for the emission sources
investigated. Cost estimations for a transport and storage system are also indicated. The
MACC shows that CO» capture applied to 28 industrial units capture CO, emissions
corresponding to more than 50% of Swedish total CO» emissions (from all sectors) at a
cost ranging from around 40 €/t CO, to 110 €/t CO,, depending on emission source.
Partial capture from the most suited sites may reduce capture cost and, thus, may serve
as a low-cost option for introducing CCS. The cost for transport and storage will add
some 25 to 40 €/t CO», depending on location and type of transportation infrastructure.

Keywords: CCS, CO, capture, MACC, industrial, case study

INTRODUCTION

In order to limit global warming in line with The Paris Agreement - to limit warming to well
below 2°C - requires global emissions to become zero around the middle of the century. It is also
likely that emissions has to be net-negative in the second half of the century since the global society
most likely will overshoot the carbon budget required to stabilize climate at a temperature well
below 2°C [e.g., (IEA, 2013; Rogelj et al., 2018)]. The basic industries, such as pulp and paper,
cement, (petro) chemicals, and ferrous- and non-ferrous metal plants, are large point sources of
CO2 emissions and deep cuts in their emissions are therefore required over the next decades. This is
a challenge since it will not be sufficient with incremental measures such as improved efficiency and
introduction of best available process technologies. Instead, transformative changes in the processes
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are required. There are only a few such options of which carbon
capture and storage (CCS) is one (De Pee et al., 2018). Since CCS
can mitigate up to 80-95% of the CO, emissions from flue gases,
it offers a promising mitigation option if applied to the basic
industry. Since CCS requires significant amounts of energy, it is
important to find ways to integrate the capture process with the
rest of the process to achieve as efficient capture as possible.

In this work, we focus on amine-based carbon capture
as a reference capture technology. Post combustion capture
is a mature capture technology and the processes involved
(amine scrubbing of CO,) has been applied in industry for
many years. Post combustion is applied in CCS schemes in
a number of relatively large-scale projects around the world
(Global CCS Institute, 2019), mainly to power plants, and can
therefore be seen as proven technology with a TRL level of 8-
9, although when applied to industrial emission sources it must
be tested and demonstrated before full scale implementation.
Other technologies for carbon capture are also promising
in specific industrial applications. For example, although less
mature, oxy-fuel combustion was evaluated as the least-cost
option for a cement plant (Gardarsdottir et al., 2019), and both
oxy-fuel combustion and chemical looping combustion seem
promising in terms of energy penalty when CO; is captured
from fluid catalytic cracker plants in oil refineries (Giileg et al.,
2020). However, amine-based post combustion is currently the
only technology with a potential to be more generally viable,
especially when retrofitting existing plants. Thus, the other
capture technologies are either less mature, have not been tested
at scale or would require that the existing industry process is
replaced or redesigned making it difficult to assess not only the
technology performance but also the cost of capture.

Yet, the specific capture cost (€/t CO,) applying post
combustion, will depend on which process to which it is applied,
such as if there is access to internal excess heat to power part
of the capture process and on the CO; concentration in the
flue gas and the size of the flue gas flow. The capture cost
typically decreases with increased concentration in the flue gas
and increased size of the flue gas flow (GarOarsdottir et al,
2018), although this is not necessarily valid in the cases where
there is access to excess heat within the process to which CCS is
applied. Two recent examples from the iron and steel industry
are given by Sundqvist et al. (2018), who investigate alternatives
for partial CO; capture in the steel industry by utilizing excess
heat to power the capture process, and Mandova et al. (2019)
who explore the CO; emission reduction potential of bio-CCS in
European steel industry. An example from the cement industry
is the techno-economic case study assessment presented by
Jakobsen et al. (2017), who conclude, amongst other things,
that economy of scale of full-scale capture (in terms of specific
capture cost) is nearly outweighed by higher steam cost compared
to partial capture, in which case the steam demand can be
covered by excess heat.

Literature on carbon capture in petroleum refineries include,
for example, a study by Andersson et al. (2016), who did a
techno-economic case-study based assessment of excess heat-
driven carbon capture, and showed how the specific cost for
carbon capture increases with the amount of carbon captured

due to decreasing availability of excess heat of sufficiently
high temperature. Another example is the study of Berghout
et al. (2019) who assessed deployment pathways for emissions
reductions in refineries by considering carbon capture in
combination with other mitigation options. Several studies have
investigated the possibility for carbon capture in the pulp and
paper industry [see e.g., Onarheim et al. (2017) and references
therein]. Based on such studies it may be concluded that the
potential for post-combustion technology is more promising
for chemical market pulp mills than for integrated pulp and
paper mills due to potentially larger amounts of excess heat
available in chemical market pulp mills that can be used to
cover the heat demand of the capture process. For systematic
reviews of academic literature on industrial CCS including its
cost, see Kuramochi et al. (2012) and Leeson et al. (2017). In their
review they conclude that reported costs for CCS vary within a
large range and that the uncertainty in future costs of industrial
CCS is significant.

Onarheim et al. (2015) mapped the potential for CCS in the
Nordic countries and highlight the sources with highest potential.
Following their work, our recent study, (Gardarsdottir et al.,
2018), mapped the investment required to install carbon capture
(amine absorption) at all industrial sites in Sweden with annual
emissions of 500 kt CO, or more (fossil and biogenic), which
corresponds to more than 80% of the CO, emissions from the
basic industry. While site-specific conditions were considered for
the estimation of capital costs, the steam cost was assumed to
be the same for all sites in this study. The study concludes that
there are large differences in the investment required between
industrial sectors and even between industrial sites within the
same sector where, as mentioned above, the size of the CO,
source and the CO, concentration are important factors. In the
case of Sweden, steel mills, cement plants, and the recovery boiler
of large pulp mills require a relatively low specific investment.
Although, the investment is a considerable share of the total CO,
capture cost, the cost of steam is generally the dominating cost
item. As discussed by Biermann et al. (2018), the steam cost
depends on the current plant energy system, e.g., the amount
of excess heat available, access to a steam cycle, and capacity of
the present steam generation equipment. The cost of steam will
also depend on energy market conditions and different steam
generation options may be favored over time or dependent on
time of the year or day. Consequently, and as also supported by
several of the papers cited above, the cost of steam will be highly
site specific and in cases where there is excess heat available to
generate the steam required for the capture process, this has the
potential to significantly reduce the cost of carbon capture.

This work follows our previous work (GarOarsdottir et al.,
2018) using Sweden as a case study. Sweden is a heavily
industrialized region and in addition to being representative for a
region with large industrial emission sources, there are also large
biogenic emission sources whereas electricity and heat generation
have low fossil-fuel based carbon emissions (23 g CO,/kWh
produced), with plans to phase out or shift fuel in the remaining
fossil-fuel plants.

The long-term climate goal set by the Swedish Government
is that Sweden should have net zero greenhouse gas emissions
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by Year 2045, which translates to 85% reduction from domestic
emissions where the remaining 15% can be met by measures
abroad, so called negative emissions from bio-CCS (BECCS)
or land use change measures (Government Offices of Sweden
and Ministry of the Environment and Energy, 2017). In 2017,
the total Swedish emissions of fossil greenhouse gases were
approximately 53 Mt of CO, equivalents per year of which
43 Mt are CO, emissions. More than one third of the fossil-
fuel CO, emissions originates from the basic industry (oil
refineries 3 Mt/year, minerals/cement 3 Mt/year, iron and steel
6 Mt/year, chemicals 1.5 Mt/year) [Naturvardsverket (Swedish
Environmental Protection Agency), 2018]. The large point
sources of biogenic CO, emissions are market pulp mills and
integrated pulp and paper mills. This adds another 20 Mt/year of
CO, to the total emissions (Swedish Environmental Protection
Agency [SEPA], 2016b). In Sweden, very few, if any, new
industrial plants can be assumed to be built within the foreseeable
future, which means that CCS should be considered as a retrofit
option for existing sites. Due to the magnitude of emissions
from the pulp and paper industry, there is significant potential
for negative emissions by means of BECCS. The potentially
significant contribution of BECCS for national greenhouse gas
reduction is similar to a country like Brazil, for which it has been
concluded that carbon capture from biogenic sources in ethanol
production could play an important role for carbon mitigation
provided sufficiently strong climate policy are put in place
(Rochedo etal., 2016). However, an important difference between
the Swedish biogenic emission sources investigated in this work
and the Brazilian cases is that the Swedish emission sources are
in the form of pulp and paper plants, which are much larger than
the ethanol plants in Rochedo et al. (2016). This, together with
their coastal location, makes transport (by ship) much less costly
than the costs of the large (inland) pipeline network required to
be established for ethanol plant capture in Brazil.

As in our previous work (GarOarsdottir et al., 2018) we
investigate industrial emission sources in Sweden of at least
500 kt COy/a. In this study we extend our previous study by
also considering differences between the site’s potential for using
excess heat to cover the heat demand of an amine-based capture
process. This is achieved by indicatively mapping the energy
systems of the industrial plants to estimate the cost of steam
at the individual sites. As a result, total CO, capture costs are
presented as a marginal abatement cost curve (MACC) for all
Swedish industrial sites with CO, emissions exceeding 500 kt/a.
A curve indicating the cost for a transport and storage system
connecting successively more emission sources is also generated.
Thus, the work provides the societal cost for amine-based carbon
capture based on site specific conditions for existing industrial
sites within the basic industry.

MATERIALS AND METHODS

To estimate the availability of industrial low-cost heat for CO,
capture, an inventory of Swedish industrial sites and their excess
heat levels was conducted utilizing the Chalmers Industrial Case
Study Portfolio (ChICaSP) (Svensson et al., 2019).

Chalmers Industrial Case Study Portfolio

A detailed description of the ChICaSP can be found in Svensson
et al. (2019). In short, it includes the 65 industrial sites in
Sweden totaling (fossil+biogenic) CO, emissions >50 kt/a in
2016 within the mineral extraction and manufacturing sectors
and includes data with a focus on process heat use and carbon
dioxide emissions. The type of data included in CHICaSP
is reported annually and openly from government agencies,
industry organizations and similar, as shown in Table 1. In
addition, the database also contains site specific information
available from various research projects as exemplified in Table 2,
giving more detailed information on the energy system of
individual sites, although the coverage and consistency between
sites are lower.

In this study, ChICaSP was used to identify the industrial
sites with total fossil and biogenic CO, emissions of above
500 kt per year or more, a limit which was chosen arbitrarily
to include the majority of the emission and focus on the
units for which the specific capture cost is expected to be
the lowest. The 500 kt threshold give a total of 28 industrial
plants investigated in this work and accounting for more
than 80% of the CO, emissions from the basic industry
and with the distribution of the CO, emissions between the
sites given in Table 3. The estimation of the availability of
low-cost heat for carbon capture at the investigated sites

TABLE 1 | Publicly available data categories summarized for all industry sites in
the ChlCaSP data base.

Data entry Source

Site coordinates
according to WGS84
County and
Municipality

European Pollutant Release and Transfer Register
(PRTR) European Environment Agency [EEA], 2016
Swedish PRTR Swedish Environmental Protection
Agency [SEPA], 2016b

Swedish Environmental Protection Agency. Same
classification used for reporting of greenhouse gas
emissions to Statistics Sweden (SCB) and for managing
statistics related to the EU-ETS Swedish Environmental
Protection Agency [SEPA], 2016a

Various sources, incl. company environmental report,
web pages, etc.,

Industrial sector

Type of site/mill/plant

Emitted CO»: fossil,
biogenic, total

Fossil emissions: Data reported within the EU-ETS, in
Sweden compiled by the Swedish Environmental
Protection Agency Swedish Environmental Protection
Agency [SEPA], 2016a. Biogenic emissions and fossil
emissions for sites not covered by the EU-ETS:
Swedish PRTR, based on data reported to the Swedish
Environmental Protection Agency Swedish
Environmental Protection Agency [SEPA], 2016b

Company environmental reports. For pulp and paper
mills, data from environmental reports are available in
the forestry industries’ environmental database, which
has been used as the primary source
Skogsindustrierna, 2016. A few additional sources,
such as company web sites, have been used when the
environmental reports have not been available or are
lacking information.

Net electricity
consumption

Gross heat exports
Annual production
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by the case study portfolio as further described in the
following section.

Mapping of Site-Specific Industrial

Excess Heat Levels

In this work, we define the term excess heat as all heat that is
or can be made available at the site at a lower cost than the cost
required for new steam generation capacity. This implies that
also heat that would require some investment, e.g., in waste heat
boilers or retrofits of heat exchanger networks, is considered as
a potential excess heat source. Consequently, excess heat may
refer to heat generated from cooling of process streams as well
as heat from waste heat boilers from currently unutilized off-
gases, or from utilizing spare capacity in the site’s existing utility
system. We also include steam that is currently utilized for low-
pressure condensing power generation. However, it is assumed
that heat for carbon capture should not compete with current
district heating deliveries.

The steam temperature required for regenerating the amine
was considered to be 130°C (3 bar), which also sets the
temperature requirement for the excess heat. The heat demand
for carbon capture depends on a number of factors in solvent
and process design and site conditions but is typically in the
range of 2.5-3.5 MJ/kg CO; captured. The quantity of excess
heat at a site expressed in MJ per kg of carbon emitted can
be compared to the heat demand of carbon capture to give
an indication of the feasibility of using excess heat for the
capture process.

Since data on process heating and cooling demands were not
available with the same level of detail for all industrial sites,
and furthermore, may change with plant retrofits for increased
heat recovery, only indicative estimations were sought for the
excess heat assessments. In this work, excess heat-driven carbon

TABLE 2 | Case specific data categories summarized in the ChlCaSP data base
when available for the specific industry site.

Data section Description

General information Sources, confidentiality and other types of general case

file information

Overall balance Overall mass and energy balances of the plant,
including resource consumption, emissions, energy

use, production levels and similar

Process description Overview of the production processes at the site.

Generally presented as a process flow sheet

CO; sources Typically presents flue gas specifications for different

stacks
Utility system Description and data for the internal site energy system,
which generally refers to the steam system with boilers,

turbines etc.,

Heating and Cooling
demand

Results from pinch analyses including stream data,
pinch curves and the assumptions and system
boundaries used for the analysis

Existing heat exchanger
network

Information about the existing heat exchanger network
structure, or the placement of existing heaters and
coolers

Excess heat Available assessments of excess heat

capture was considered if the amount of excess heat at sufficient
temperature was estimated to be at least around 1 MJ per kg CO,
emitted, i.e., if about one third of the heat required for capture of
all the emitted CO, could be provided by excess heat. The chosen
value is considered a reasonable assumption to represent a trade-
off, which does not exclude too many sites to be of interest for
excess heat-driven capture (which would be the case with a higher
cut-off value) and also ensures that partial capture plants sized by
the availability of excess heat gets acceptable economy of scale or
that sites with 90% capture attain a significant reduction in capital
costs for new heat production when excess heat is considered.

The excess heat estimation was made based on the data
available in ChICaSP. Of the 28 industrial sites included in
the analysis, data on the plant energy system detailed enough
for a quantitative (M]/kg CO,) or descriptive (above or below
approximately 1 MJ/kg CO;) estimate was available for 12 sites
(43%). For the remaining 16 sites, the excess heat potential
was estimated based on results and experience from studies of
similar process plants and model mills. In particular, 14 of these
remaining sites are of a type of pulp and paper mill for which
detailed models are available (Kraft market pulp mills, TMP
mills, integrated and non-integrated mills), developed mainly
within the Swedish research program FRAM (Future Resource
Adapted Mill) (Delin et al., 2005). An estimate of the excess
heat available for capture was made using the process models
for a standard mill and the information about the type of
mill available from the ChICaSP. The energy system of the
remaining two sites (a cement plant and an oil refinery) were
estimated by extrapolating from similar sites in ChICaSP. It
should, thus, be noted that the data quality of the estimated
excess heat potential varies from actual site measurement data
to data acquired from site modeling based on statistics for the
type of industry.

Cost Estimations

We evaluate the costs for CCS assuming a standard MEA-
based CO, absorption process is adopted for all industrial
processes. Consequently, we do not account for potential future
technology development such as new absorbents or the adoption
of more suitable capture technologies for specific industrial
processes. The resulting marginal abatement cost curve may
therefore be regarded as a conservative estimate of CCS in
the Swedish industrial sector with respect to its focus on high
TRL options.

The investment cost for CO, capture applied in this study
is adopted from our previous work (Gardarsdottir et al., 2018).
In that work, the capital cost (CAPEX) was estimated with a
detailed individual factor estimation method and considered the
treated volume flow of gases and the flue gas CO; concentration
of the individual stacks at each site. The costs were calculated
for 90% capture rate. The annualized CAPEX is calculated with
25 years lifetime (out of which 3 years are for construction) and a
7.5% rate of return.

The transport and storage costs are estimated based on the
work by Kjarstad et al. (2016) and adopted to the present
analysis by GarOarsdottir et al. (2018). The transport and storage
solution includes storage in the Norwegian North Sea or Baltic
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Sea' and transport by ship from five hubs distributed near the
Swedish coast in proximity to large emission sources. As an
approximation, these are assumed to correspond to Hub 1-2
and 4-6 in Kjarstad et al. (2016), [see also Figure 1 of Kjirstad
et al. (2016)], which shows these transport hubs on a map). Note,
however, that the costs of the transport hubs do not include the
costs for an onshore collection system from sources to the hub.
The cost estimation assumes that the entire investment cost for
a transport hub that connects all relevant emission sources to
a storage site is taken once the first source is connected to that
hub. The specific investment cost for operating at a specific hub
is, thus, decreased as more sources and larger flows of CO; is
handled at each hub, respectively. The sources are assumed to be
connected in order of specific capture cost, i.e., the source with
the lowest specific capture cost is connected first. Each hub is
also associated with a fixed specific operating cost, which in this
work is set to 9 €/t CO, transported. The assumption that the
transport cost is independent of the distance is reasonable for ship

'1t should be noted that storage in the Baltic Sea is not a near-term option due to
lack of detailed geological data, in spite of significant storage potential.

transports as, e.g., Kjarstad et al. (2016) showed that there is only a
weak cost dependence on distance for ship transport. The storage
cost differs depending on which storage location is connected to
each hub and is either 7 or 15 €/t CO, (GarJarsdottir et al., 2018).
For more details on what is included in the cost of the transport
and storage infrastructure see Kjarstad et al. (2016).

Operating expenditures (OPEX) are dominated by the cost
of heat supply for solvent regeneration, but also include other
utilities, maintenance, and labor. The operational costs are
divided into fixed and variable OPEX. Fixed costs include
maintenance and labor costs and are not dependent on the plant
utilization. The annual maintenance cost is estimated as 4% of
the investment. Labor cost for operators and engineers is set to
820 ké€/a independent of plant size. All utilities are considered
to be delivered by external systems and are, thus, considered as
pure operational costs (i.e., no investments are required). Utilities
include the cost of steam, electricity and cooling water required to
run the process and are directly connected to the amount of CO,
captured. The specific steam demand (Dyteqm; tonne of steam/kg
CO, captured) depends on the initial CO, concentration and
the capture rate as the energy to separate CO, from the gas

TABLE 3 | Industrial plants considered in the study, i.e., all Swedish industrial plants with annual CO» emissions of 500 kt or more (Year 2016 data).

ID-# Company/Plant Industry Emission source(s) CO, Emissions (kt/year)
Biogenic Fossil Total
C-1 Borealis Stenungsund Chemicals Cracker 0 664 664
IS-1 Lulekraft Lulea Iron and Steel CHP integrated steel mill 0 1795 1795
IS-2 SSAB Luled Iron and Steel Blast furnace, Hot Stoves 0 1511 1511
IS-3 SSAB Oxeldésund Iron and Steel CHP, Hot stoves, Coke plant 0 15602 1502
Mi-1 Cementa Slite Minerals Cement kiin 162 1742 1904
PP-01 Sodra Cell Monsteras Pulp Recovery boiler, Lime kiln 1811 23 1834
PP-02 Stora Enso Skutskar Pulp Recovery bailer, Lime kiln 1826 1 1826
PP-03 Metsa Board Husum Pulp and Paper Recovery bailer, Lime kiln 1483 60 1543
PP-04 BillerudKorsnas Gruvoén Pulp and Paper Recovery boiler, Lime kiln 1280 16 1296
PP-05 BillerudKorsnas Gavle Pulp and Paper Recovery boiler, Lime kiln 1239 17 1256
PP-06 SCA Ostrand Pulp Recovery bailer, Lime kiln 1135 32 1166
PP-07 Smurfit Kappa Kraftliner Pited Pulp and Paper Recovery boiler, Lime kiln 1120 13 1133
PP-08 BillerudKorsnas Skarblacka Pulp and Paper Recovery boiler, Lime kiln 996 1 1007
PP-09 Sadra Cell Mérrum Pulp Recovery bailer, Lime kiln 952 17 969
PP-10 Sddra Cell Vard Pulp Recovery boiler, Lime kiln 958 10 968
PP-11 Stora Enso Skoghall Pulp and Paper Recovery boiler, Lime kiln 889 53 943
PP-12 Holmen Iggesund Pulp and Paper Recovery boiler, Lime kiln 884 27 911
PP-13 BillerudKorsnés Karlsborg Pulp and Paper Recovery boiler, Lime kiln 877 6 882
PP-14 Stora Enso Nymdlla Pulp and Paper Recovery boiler 746 30 775
PP-15 SCA Munksund Pulp and Paper Recovery bailer, Lime kiln 689 17 706
PP-16 BillerudKorsnas Frovi Pulp and Paper Recovery boiler, Lime kiln 682 14 696
PP-17 Mondi Dynés Pulp and Paper Recovery boiler, Lime kiln 633 15 648
PP-18 Rottneros, Vallviks Bruk Pulp Recovery boiler, Lime kiln 604 6 610
PP-19 Nordic Paper, Backhammar Pulp and Paper Recovery boiler, Lime kiln 539 7 546
PP-20 Doms;jo Fabriker Pulp and Biorefinery Recovery boiler 476 11 487
R-1 Preemraff Lysekil Refinery SMR, Heaters, Cracker 0 1428 1428
R-2 St1 Refinery Refinery Heaters 0 535 535
R-3 Preemraff Géteborg Refinery Heaters 0 504 504
The total amount of CO» emissions considered is 29.5 Mt/year out of which 20.0 Mt/year is of biogenic origin.
Frontiers in Energy Research | www.frontiersin.org 5 August 2020 | Volume 8 | Article 175
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stream is higher the lower the CO, concentration. The specific
steam demand will also depend on the design of the absorption
process and the solvent used; however, only simple cycle with
MEA is considered in this work. The price of steam (Pyeqm; €/1)
depends on the site and energy market conditions. The specific
steam cost (Cyeam; €/kg CO; captured) is given by the following
correlation with the steam demand derived from the estimates in
GarOarsdéttir et al. (2018).

Csteam =P steamDsteum

Dsteam = 1. 1X68‘213

where Xco, is the volume fraction in percent of CO, in the inlet
stream. The electricity and cooling duty are not as dependent on
the CO, concentration of the inlet stream and the site-specific
conditions as the steam demand and therefore their specific costs
are kept constant in the cost estimation.

The price of steam (Pgeqm) was estimated based on the
indicative availability of excess heat estimated for the sites. The
cost for erecting a new boiler and steam cycle on site results in a
cost of steam of 20 €/ MWh with the assumptions used in Ali et al.
(2018). However, if excess heat can be used to generate parts of
the required steam, the cost is obviously lower. Table 4 gives one
example for each type of industry of how the cost of steam may be
affected depending on the steam demand. The pulp mill as well as
the steel mill have relatively large steam cycles on site from which
steam could be bled. For these plants, the cost is related to the loss
in electricity production from the steam cycles. The cement plant
and the refinery have some excess heat in the form of warm off-
gases that could be used to generate low-pressure steam. In these
cases, steam costs are related to the cost of the waste heat boilers.
The steel mill also has excess heat within the process that may be
recovered, e.g., from flue gas heat recovery, coke dry quenching,
and dry slag granulation. The excess heat sources are, thus, more
diversified for the steel mill than for the other plants.

The cost levels indicated in Table 4 were applied for estimating
site-specific steam costs according to the identified excess heat
classifications. Note, however, that Table 4 is based only on an
example of one particular site per industrial sector. If the excess
heat potential was estimated to be low, the steam cost was taken
at the level of 20 €/ MWHh, corresponding to the costs of new boiler
and steam cycle capacity.

TABLE 4 | Example for one particular site of each industrial sector of the assumed
cost of steam for carbon capture through amine absorption for plants with excess
heat above 1 MJ/kg CO, generated depending on type of industry and

degree of capture.

Partial capture (€/MWh) 90% capture(€/MWh)

Pulp mill 10.0 16.7
Steel mill 5.2 156.1
Cement plant 2.5 14.2
Refinery 9.5 16.5

For plants without excess heat the steam cost is 20 €/ MWh. Based on the case
studlies in Sundaqvist et al. (2018); Andersson et al. (2014), Mathisen et al. (2018);
Skagestad et al. (2018).

If the excess heat potential for a particular site was estimated
to be high (i.e., higher than the above mentioned threshold of
1 MJ/kg emitted CO;), the steam cost for capturing up to 1/3
of the site emissions was taken at a cost level corresponding to
the average cost of steam up to 1 MJ/kg while the steam cost
for the rest of the CO, emissions captured was taken as the cost
assumed for 90% capture from the entire site (20 €/ MWh). The
petrochemical plant was assumed to follow the same steam cost
profile as the refineries. In case of partial capture, the 1/3 of the
CO; at the site with lowest specific capture cost was captured
utilizing the available excess heat. It is worth noting that the steam
cost model neglects the fact that specific investment costs depend
on the capacity needed, and instead follows the assumption that
steam cost is included as a utility cost.

RESULTS

Figure 1 gives the marginal abatement cost curve (MACC) for
capture for the 28 plants in Table 3 (with 90% capture rate)
together with the corresponding curve for transport and storage
from these sites. The reason for the number of emission sources
(steps in the figure) being much higher than 28 is that several of
the sites contain multiple emission sources.

Applying capture to the 28 industrial units investigated in
this work corresponds to a reduced emission of around 23 Mt
CO»/a, which is more than 50% of Swedish total CO, emissions
(from all sectors). Another way to see it is that since the Swedish
forestry management currently gives an increase in the carbon
stock in the forests, Sweden’s 20 Mt of fossil fuel emissions are
more than offset by applying capture on the 28 plants. From
Figure 1 it can be seen that the cost of applying CO, capture,
transport and storage (adding the two curves) to the 28 industrial
units is ranging from around 80-135 €/t CO;. Yet, due to that
a transport infrastructure consisting of hubs and ship transport
can be organized in different ways — during a ramp up of CCS -
adding the curves in this way will only give an approximate cost
at a certain amount of CO; captured (abscissa value). The details
of the capture costs are presented in Table 5.

The difference in capture cost of 40-110 €/t CO; is
considerable, although not surprising given the heterogeneity of
the emission sources. Low-cost sources typically have high CO,
concentrations, large volume flows, and availability of excess heat
and are found, e.g., in the iron and steel and cement industry
(such as IS-1, IS-2 and Mi-1 in Table 5). The sources with highest
cost correspond to low-volume sources for which no excess heat
is available for capture. In this study, these are mainly the lime
kilns in the pulp and paper mills, which stand for only a minor
share of total site emissions and therefore suffer from poor
economy of scale. As can be seen, a considerable part of the total
emissions captured can be captured at capture costs below 70 €/t
COs. It should be noted that 15 Mt out of the 23 Mt CO; captured
are of biogenic origin.

As shown in Figure 1, the transport and storage costs range
from around 40 €/t CO, for a small system to around 25 €/t
CO; for a large system. These cost estimates are based on the
assumptions described in section “Materials and Methods.” For
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FIGURE 1 | Marginal abatement cost curve for carbon capture and corresponding costs for a transport and storage system (including capital and operating costs)
from Swedish emission sources >500 kt CO»/a. It should be noted that the cost for ship transport and storage at a specific point of the curve is not directly addable
to the capture cost for any specific emission source — as the transport and storage cost for one plant will depend on the volumes of CO» handled by the entire
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further clarification, it should be noted that the cost for ship
transport and storage is not directly addable to the capture cost -
as the specific cost for the specific plant will depend on the
volumes of CO, handled by the entire system. The cost for
transport and storage should correspond to the volume treated
by the system and not the volume of the specific plant. These
costs also assume that the sources are implemented in the order
presented in the MACC.

Figure 2 illustrates the impact of excess heat utilization on
the capture cost for the emission sources. The consideration of
excess heat availability (black dotted line) in the cost estimations
yields only moderate cost reductions for total site carbon capture
(red dashed line) The reason for this is that it is not possible to
power 90% capture for the total site emissions by excess heat
alone, but an investment in new steam generation capability to
cover the remaining heat demand is required and this steam will
come at full-cost. This cost assessment considers 1 MJ of excess
heat per kg of CO, emitted for all plants with excess heat even if
for some sites, significantly more heat could be available. The fact
that excess heat is not capable of powering 90% capture of the site
emissions is, however, true for all sites considered.

The effect on the capture cost by being able to fully exclude
new steam generation capacity is illustrated by the cost for partial
capture, which is the amount of CO, possible to capture by
using excess heat (Biermann et al., 2018). This allows for more

significant capture cost reductions, as also shown in Figure 2
(see blue line). To derive the results shown in Figure 2, capture
was considered only for the sites estimated to have more than
1 MJ of excess heat available per kg of CO, emitted. This level
of excess heat availability was used to determine the amount
of CO, captured for these sites also if more excess heat may
be available. Note that industry-specific, and not site-specific,
costs of excess heat were considered. The avoidance potential is
naturally reduced by only considering excess heat-driven carbon
capture, resulting in about 4.5 Mt/year captured (blue solid curve
in Figure 2) at capture costs below 30 €/t CO; as can be seen from
the solid blue curve in Figure 2. Partial capture is to be considered
as an early mover option that may develop over time or to be
combined with other low-carbon technologies. It should be noted
that the total system costs might be increased if later deciding to
capture the remaining emissions.

DISCUSSION

For the refineries and the petrochemical cluster in Stenungsund,
the potential of excess heat utilization was found to be heavily
temperature dependent. For example, considering process
streams that are currently cooled in air or water coolers in
Stenungsund, about 10 MW of heat is available >130°C (used in
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TABLE 5 | Mapping of potential for implementing carbon capture and storage at Swedish emission sources >500 kt/a. Heat availability: Green >1MJ/kg CO, emitted,

Red no significant potential for low-cost steam generation.

ID-#/heat potential CAPEX OPEX TOTAL Transport Hub? Distr. Heat* Heat estimate®
Mé€/al Fixed, M€/a Variable, M€/a Spec., €/tCO,
13 6 10 61 #6 ChICaSP Quant.
22 9 33 40 #1 yes ChlCaSP Quant.
13 6 14 42 #1 ChICaSP Quant.
#4 ChlCaSP Desc.
6 3 6 67
6 6 67
10 8 43
22 10 30 40 #4 yes Other
#4 yes ChlCaSP Quant.
20 9 27 45
5 3 4 76
#2 Other
20 9 32 49
5 3 4 76
#2 Other
18 8 27 51
5 3 4 80
#6 yes Other
16 7 23 53
4 3 3 85
#2 yes Other
16 7 22 53
4 3 3 86
#2 yes ChlCaSP Quant.
15 7 17 50
4 2 3 89
#1 yes Other
15 7 20 54
4 2 3 90
#4 yes Other
14 18 56
4 2 2 94
#5 yes Other
13 17 56
4 2 2 95
#6 yes ChlCaSP Desc.
13 14 52
4 2 2 95
#6 yes Other
13 17 56
4 2 2 96
#2 yes ChICaSP Quant.
13 16 57
4 2 2 97
#1 ChlCaSP Desc.
13 16 57
4 2 2 99
12 5 14 59 #5 yes Other
#1 yes Other
11 5 12 60
3 2 2 108
(Continued)
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TABLE 5 | Continued

ID-#/heat potential CAPEX OPEX TOTAL Transport Hub? Distr. Heat* Heat estimate®
Mé€/al Fixed, M€/a Variable, M€/a Spec., €/tCO,
#4 yes Other
11 5 12 60
3 2 108
#2 ChlCaSP Desc.
10 5 11 61
3 2 1 112
#2 Other
10 5 11 62
3 2 1 114
#6 Other
9 5 10 64
2 1 120
9 4 9 64 #2 Other
8 4 7 50
10 5 9 66
8 4 8 70 #6 ChlCaSP Quant.
3 5 75
#6 yes Other
4 5 66
6 3 5 82
#6 yes ChlCaSP Quant.
7 4 5 67
6 3 83

T Adopted from the work by Giilec et al. (2020). 2Adopted from the work by Skogsindustrierna (2016). 3IS-1 is a CHP plant integrated with the IS-2 steel mill. #Potential
competition with district heating. *Method for excess heat estimation: ChiCaSP Quant.) Quantitative estimate based on data available in case study portfolio, ChiCaSP
Desc.) Descriptive assessment based on information in case study portfolio Other) Estimate based on comparison with models or similar sites. ®Part of industrial cluster.
Excess heat assumed to be available also from neighboring process plants. ”Excess heat potential strongly dependent on temperature requirement. SMill increased
capacity significantly after 2016. Excess heat estimation made for prospective future production levels and site energy system.

this work), while 20 MW and 60 MW is available at temperatures
>110°Cand >95°C, respectively. Thus, at >130°C, Stenungsund
is not deemed to have potential for low-cost steam generation
above 1 M] per kg of CO, emitted. However, at >110°C
or >95°C there is a potential. For these types of industrial
processes, new solvents that allows for lower regeneration
temperatures could significantly increase the potential for excess
heat-driven carbon capture.

Utilization of excess heat for carbon capture competes with
other heat utilization. In particular, in Sweden today, heat is
often delivered to district heating networks. However, it should
be noted that CCS and district heating does not necessarily
compete about heat from the same temperature levels. District
heating generation is non-phase changing and can be supplied by
low-temperature sensible heat while the reboiler of the capture
process requires heat at constant temperature for evaporation.
Consequently, heat may still remain available for district heating
after the full potential for excess heat-driven carbon capture
has been exploited. A more direct competition for the heat
is observed between carbon capture and power generation in
low-pressure steam turbines. In this aspect, the development
of the decarbonization of the electricity market is important to

consider in the decision between using excess heat for electricity
generation or for carbon capture. In a decarbonized electricity
system, more emissions are avoided by using the heat for the
capture process.

In this study, we considered site-specific conditions such
as geographic location, characteristics of individual emission
sources and excess heat availability. However, the effect of
other criteria such as space availability at the industrial
sites, and seasonal variations in heat availability and/or
emissions remain to be investigated. In regions with water
scarcity, this may be a critical factor to consider [see e.g.,
(Merschmann et al., 2013)], but this is not critical in the
Swedish context.

Furthermore, the impact of partial capture on CO,
transportation costs have not been investigated in detail in
this work. It was assumed that the entire cost of a transport hub
was taken as soon as the first emission source was connected
to that hub. This results in high specific investment costs for
CO; transport if only low volumes of CO, (e.g., few sources,
partial capture) are transported to storage. This assumption
corresponds well with the fact that transportation costs are
considerably higher for partial CO, capture due to poor
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1 MJ of excess heat per kg CO» emitted at a given site.
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FIGURE 2 | Effect of excess heat on capture costs for Swedish emission sources >500 kt CO,/a. The black dotted line is the same as in Figure 1. The red dashed
line represents 90% capture of total site emissions using only full-cost steam. The blue line represents partial capture of the CO» that can be captured by means of

economy of scale of transport infrastructure (particularly from
emission sources to transport hubs).

The transformation required in the industrial sector for
reaching not only required emission reductions, but also energy
efficiency and renewable energy targets, is likely to involve
major changes in the existing industrial processes and its
associated infrastructure including the close down of some
plants. Besides these changes, new products, processes and
technologies can be expected to emerge. This includes, for
example, the integration of new biobased processes in (petro)
chemical process plants (causing a shift from fossil to more
biogenic sources of CO,), improvements in energy efficiency
(reducing the amount of excess heat), and process electrification
(reducing or eliminating process CO, emission as well as
affecting excess heat availability). The analysis in this study
does not provide a picture of the costs of carbon capture and
storage to the future zero-emitting industry but to the present
industry. This picture is to serve as an indication of potential
cost levels, and how these are affected by various site-specific
conditions, for the starting point rather than for the end-game.
The results show that to achieve cost efficient carbon capture
CCS should be considered in the transformation of the industrial
sector. Furthermore, policy instruments that are efficiently
strong to allow for CCS are crucial for its implementation;
sufficiently high costs of emission allowances within the EU-
ETS system for the fossil-fuel based emissions and that policy

instruments (EU-ETS or other instrument) need to recognize
negative emissions so as to allow for capture and storage of
biogenic emissions.

CONCLUSION

This work estimates the total costs for amine-based CO; capture
at all (28) Swedish industrial plants that emits 500 kt CO,
or more per year. The costs and potential captured emissions
are presented in the form of a marginal abatement cost curve
(MACQC) for industrial post-combustion capture in Sweden. The
work maps the plants’ energy systems and estimates the cost
of steam required for carbon capture at each specific site. The
mapping considers the potential for low-cost steam generation by
utilizing excess heat from process cooling, and available capacity
in the existing on-site energy system.

The MACC shows that CO, capture applied to the 28
industrial sites capture CO, emissions corresponding to more
than 50% of Swedish total CO, emissions (from all sectors).
When costs for a transport and storage system is included, this
can be achieved at a cost ranging from around 80 €/t CO;, to
135 €/t CO;, depending on emission source. The results show a
considerable difference in capture cost between emission sources
(40-110 €/t) and that around 2/3 of the emission from the
>500 kt/a sources could be captured at a cost of 70 €/t. Partial
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capture can reduce capture cost and, thus, may serve as a low-cost
option for introducing CCS.

Applying the estimations of available excess heat for powering
capture in the cost estimations, only yield moderate cost
reductions at 90% capture rate. The main reason is that 90%
carbon capture is not possible to power without investment in
new steam generation capacity in any of the cases considered.
The effect on the capture cost by only capturing the amount of
CO; which can be covered by excess process heat — the partial
capture cases — yield capture costs in the range of 20-40 €/t. This
is, however, only an option for a limited amount of the emissions
(around 4.5 Mt/a compared to 23 Mt/a in the 90% capture case).

The case study portfolio and database, ChICaSP, utilized
is considered a valuable tool including detailed site data for
more than 40% of the plants considered and data for an
indirect assessment for the remaining plants utilizing experience
and external sources. To further improve the estimation more
case studies should be performed along with an assessment of
mitigation options besides carbon capture, like electrification and
increased biomass utilization.
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