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ARTICLE INFO ABSTRACT

Keywords: The need to reduce global CO, emissions is urgent and might be facilitated by carbon capture and storage (CCS)
Ccs technologies. Sweden has a goal to reach net-zero emissions by 2045. Negative emissions and bio-CCS (BECCS)
Negative emissions have been proposed as important strategies to reach this target at the lowest cost. The Swedish district heating
Dlsmc,t heating sector constitutes a large potential for BECCS, with biogenic point sources of CO; in the form of combined heat
Combined heat and power R . . . .
Heat integration and power (CHP) plants that burn biomass residues from the forest industry. This study analyzes the potential of
CO;, capture in 110 existing Swedish biomass or waste-fired CHP plants. Process models of CHP steam cycles give
the impacts of absorption-based CCS on heat and electricity production, while a district heating system unit
commitment model gives the impact on plant operation and the potential for CO, capture. The results provide a
cost for carbon capture and transport to the nearest harbor by truck: up to 19.3 MtCOy/year could be captured at
a cost in the range of 45-125 €/tCO,, corresponding to around 40% of the total fossil fuel-based Swedish COy

emissions. This would be sufficient to meet a proposed target of 3-10 Mt/year of BECCS by 2045.

1. Introduction

Climate change, caused by anthropogenic emissions of CO, requires
urgent actions to limit the impacts of global warming. Carbon capture
and storage (CCS) has been identified as an important component of the
strategy to meet long-term CO5 emission targets which, to comply with
the Paris Agreement regarding the limiting of global warming to “well-
below” 2°C, will most likely require that global carbon emissions are
net-zero by around year 2050. After this, emissions have to become net-
negative (IPCC, 2018), as there is a high likelihood of an overshoot in the
emission trajectory. If applying CCS to biogenic emission sources
(BECCS) and assuming these processes are using biomass from biomass
systems with a net growth in carbon stock, so-called “negative emis-
sions” could be achieved. These can serve two purposes: (i) to offset
residual emissions that are hard-to-abate, in order to reach net-zero
emissions; and (ii) in the longer run, to obtain net-negative emissions.
Compared to other negative-emissions technologies, BECCS is proposed
to be the most mature option in terms of technology (Kemper, 2015).

Sweden has a goal to reach net-zero emissions by 2045. Negative
emissions — and BECCS in particular — have been identified as important
possibilities to reach this target at the lowest cost. A public inquiry in
Sweden (SOU, 2020) has proposed that the contribution from BECCS

should reach up to 2 MtCOy/year in 2030 and 3-10 MtCO,/year by
2045, with the wide ranges reflecting uncertainties as to how much
other measures will contribute to the net-zero target in 2045. The upper
bound on the proposed contribution from BECCS of 10 MtCO, captur-
ed/year correspond to around 20% of Sweden’s current total greenhouse
gas emissions from all sectors (52 MtCO2q/year) and around 25% of the
total CO2 emissions (43 MtCOy/year). There are many large point
sources of biogenic CO, emissions in the Swedish energy and industry
sectors, entailing a substantial potential for CCS applications (Fuss and
Johnsson, 2021; Johnsson et al., 2020; Kouri et al., 2017). Johnsson
et al. (2020) have shown that applying CCS to the largest industrial
emission sources (with yearly CO2 emissions >500 kt/year) can capture
23 MtCOy/year at a cost in the range of 80-140 €/tCO,.

In addition to industrial sources, there are many combined heat and
power (CHP) plants operating in the heat sector that combust biomass or
municipal solid waste that is partly of biogenic origin. Implementation
of BECCS at CHP plants could contribute to reaching the above-
mentioned BECCS target, and it might also present a business case for
the plants if financial compensation is granted for negative emissions
(Karki et al., 2017). Even though economic incentives are currently
lacking, BECCS, for example, is being considered for the district heating
(DH) system in Stockholm (Levihn et al., 2019), and it has been studied
for the Helsinki DH network (Tsupari et al., 2017). Thus, once the
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Nomenclature

BECCS  bio-energy carbon capture and storage
CAPEX capital expenditures

CCS carbon capture and storage

CHP combined heat and power

CO,, carbon dioxide

COP coefficient of performance

DH district heating

FGC flue gas condenser

HOB heat-only boiler
HPFWH high-pressure feedwater preheater

LHV lower heating value
LPFWH low-pressure feedwater preheater
MEA monoethanolamine

OPEX operational expenditures

economic incentives are in place, it should be possible to establish
full-scale projects within a few years, as the post-combustion carbon
capture technology can be seen as commercially available. The Stock-
holm utility company Stockholm Exergi targets year 2025 for full-scale
implementation of CCS in their newest biomass-fired CHP plant. In the
abovementioned public inquiry, it was proposed to establish a reversed
governmental auctioning system to finance the ramping up of BECCS to
meet the 2030 target. In addition to policy-driven incentives, there is an
emerging voluntary market for negative emissions, whereby several
companies have declared that they will offset their emissions, in some
cases also including historical emissions, as announced by Microsoft (
Smith, 2020). BECCS should be attractive for such a compensation
program, owing to the high permeance of the CO, removal (i.e.,
long-term carbon storage of 100-1000 years).

In previous studies, the global potential for municipal solid waste to
contribute to BECCS has been estimated (Pour et al., 2018), along with a
techno-economic screening of biomass-based power generation with
BECCS (Bhave et al., 2017). Magnanelli et al. (2021) studied options for
the design and operation of carbon capture integrated in a
waste-to-energy plant. The energy penalty of hot potassium carbonate
capture technology applied to a biomass-fired CHP plant was quantified
(Gustafsson et al., 2021). However, there are few previous studies on
BECCS applied specifically to CHP plants or the implications for DH
systems of retrofitting CHP plants with CCS.

A particular challenge for applying BECCS at CHP plants is that they
have fewer full-load hours than large coal-fired, base-load power plants
and industrial units, the exception being waste-fired CHP plants, which
typically have a high number of full-load hours. This will cause the in-
vestment cost to be allocated to a lower number of hours, thereby
driving up the capture cost. As CHP plants are also typically smaller in
size than power plants, this also increases the specific capture cost due to
a lower economy of scale for both the capture and transport logistics.
Despite the favorable conditions for BECCS in the Swedish DH system,
the cost range for capture in the available plants, considering the size
range of the CHP plants and their operational characteristics, is not
known.

This work provides a techno-economic assessment of absorption-
based CO5 capture in Swedish CHP plants, with respect to the carbon
capture potential, plant performance and utilization, and costs. Given
the conditions for CHP plants outlined above, the aim of the study is to
quantify the impact of CCS on biomass and waste-fired CHP plants and
DH system unit commitment, as well as the effect of plant scale and
utilization on the cost of capture. For the existing capacity of Swedish
CHP plants, the implementation of carbon capture is evaluated on the
following three energy system levels: (i) the process level, i.e., the
impact on CHP plant performance; (ii) the DH system level, i.e., the
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impact on the operation of DH networks; and (iii) the national level,
aggregating the carbon captured from all DH systems in Sweden for
comparison with proposed national targets. In addition, the cost for
carbon capture and local transport is estimated, considering scale effects
and the geographic distribution of plants, and is expressed as a marginal
abatement cost curve for the plants included in this work.

2. Method

The techno-economic assessment of and potential for CCS from CHP
plants in Sweden is based on a set of models, as illustrated in Fig. 1. A
process model provides the CHP steam cycle performance when driving
an MEA-based CO5 absorption unit, for a set of CHP plant case studies.
The energy demands of the capture plant are calculated using the carbon
capture plant model of Ignell and Johansson (2021). The modeled
process performances are used as inputs to the DH system unit
commitment model, which assesses the impact on CHP plant operating
patterns of integrating carbon capture, including full-load hours and
carbon capture potential. The unit commitment analysis is applied to all
CHP plants in Sweden (biomass and waste-fired) in their respective local
DH system contexts, based on a CHP plant database. Finally, applying
the process and system model results, an estimation is made of the
capital and operational expenditures of carbon capture, as well as the
costs for CO; truck transport to an intermediate storage hub, in prepa-
ration for onward ship transport and final storage. Based on the cost
estimates, a marginal abatement cost curve for CHP plants with CCS is
developed. The following subsections describe the Swedish CHP plant
portfolio, the modeling methods applied, and the economic assumptions
made in relation to the cost estimations.

2.1. CHP plant database

The CHP plant database contains information on all the Swedish CHP
plants that combust biomass or waste (110 plants in total), located in 78
geographically distributed local DH systems. The data encompass
nominal CHP plant heat and electricity production capacities, flue gas
condenser installations, live steam conditions and year of commis-
sioning. Fig. 2 presents the distributions of steam cycle power-to-heat
ratios, thermal capacity, and fuel type for all the plants in the data-
base. The fuel is here divided into biomass (typically residues from the
forest industry) and waste, (municipal solid waste, a certain fraction of
which is fossil-based in the form of plastics). The thermal capacities of
the boilers range from 7 MW to 540 MW, and the steam cycles have
power-to-heat ratios in the range of 0.1-0.65. Thus, there is a wide va-
riety of plant types with differing designs, examples of which are given
in Section 2.2. Although it may seem obvious that the application of CCS
in the smaller plants (with capacities down to around 10 MW included in
this study) will be associated with higher costs, all the plants are
included so as to assess the entire cost range for CCS. Details of the
database are available in the Supplementary Material.

2.2. Process modeling of CHP steam cycles with carbon capture

Steady-state process models of CHP plants are developed in Ebsilon
Professional and simulate the impact on steam cycle performance of the
integration of amine-based, post-combustion carbon capture. In total, 14
steam cycle designs with different fuel types, live steam conditions, and
power-to-heat ratios are considered to represent the range of CHP plants
in the database. Fig. 3 gives a schematic overview of the steam cycle
designs modeled, where steam extractions A-C are optional and used to
cover the range of performances of the considered plants. The included
steam extractions and the corresponding pressures for each plant
modeled are given in Table 1, together with the live steam temperatures
and pressures. The steam turbine isentropic efficiency is set to 88%,
independent of case. The boiler is represented in the model by a steam
generator component, with a boiler efficiency of 90%, and with fuel
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Fig. 2. Characterization of the 110 Swedish CHP plants, with respect to boiler thermal capacity, steam cycle power-to-heat ratio and fuel type. Each marker rep-

resents one plant.

composition specified according to Table 2. In practice, the fuel
composition and moisture content vary depending on, for example, the
biomass type, although this aspect is neglected in this study. The
biogenic share of the waste is assumed to be 52% (Statistics Sweden,
2019). DH is generated in the backpressure condenser, and where
applicable, also in an extraction condenser and/or a flue gas condenser.
Boundary conditions for the DH water are set to 50°C for the inlet
temperature to the backpressure DH condenser and 90°C for the supply
temperature.

The carbon capture plant is a post-combustion, absorption-based

unit that requires heat at a temperature of 120°C for the reboiler and is
represented by a heat sink in the model. A heat load of 3.6 MJ/kgCO-
captured is chosen based on the conditions for biomass or waste-fired
CHP plants with 90% capture rate from a flue gas CO, concentration
of 13%-15% using monoethanolamine (MEA), according to previous
work (Gardarsdottir et al., 2018). Steam is extracted from the CHP plant
steam turbine at the pressure level that is most suitable to meet the
reboiler heat demand, ensuring that steam at 3 bar is delivered to the
reboiler. Alternatively, if no suitable turbine extraction is available, the
steam for the CCS reboiler is throttled directly from the live steam flow.
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Fig. 3. Process schematic of a CHP steam cycle. (A-C) Indicate the optional steam turbine extractions for the different process models that best represent each plant
in the case studies. The notations in gray boxes indicate input data that are specified according to Table 1. Dotted lines represent steam extraction alternatives that

are retrofitted to drive the carbon capture reboiler.

Prior to entering the carbon capture plant, the flue gas undergoes
flue gas cleaning and is cooled in a flue gas condenser (FGC), which
contributes to DH generation. At the time of the present study, 85 of the
110 plants in the database have flue gas condensers installed. An FGC is
assumed to be installed at plants that are not already equipped with one,
together with the retrofit of the carbon capture plant.

The steam cycle models are simulated in design mode without car-
bon capture as a reference case, and in off-design mode with a 90%
carbon capture rate. The off-design simulation takes into account steam
turbine part-load performance based on Stodola’s law (Cooke, 1985)
and calculates the (reduction in) turbine stage pressure when steam is
extracted to the reboiler. The boiler load is kept constant in the reference
and carbon capture cases, and the changes in electricity and DH outputs
are simulated. In addition to electricity and DH, some plants deliver
steam to industrial processes (not shown in Fig. 3), and the delivery of
process heat is maintained when CCS is integrated.

2.3. District heating system unit commitment model

The DH system unit commitment model is a spreadsheet tool that
evaluates the hourly operation of CHP plants in a local DH system. The
model inputs are: an hourly heat demand profile spanning 1 year; the
subset of CHP plants that are located in each DH system; and CHP plant
performance data. A reference case without carbon capture is compared
to cases in which all the CHP plants in the system operate with CO5
capture.

2.3.1. CHP plant performance with CCS and heat recovery cases

The net CHP plant performance with a 90% carbon capture rate is a
combination of the impacts on steam cycle electricity and DH genera-
tion, and the electricity consumption of, and DH recovery from, the
capture plant (including CO; absorption, compression and liquefaction).
The steam cycle performance is obtained from the steam cycle process
simulations (Section 2.2) and applied to all the CHP plants in the
database. For those plants that install a new flue gas condenser as part of
the capture plant retrofit, the additional FGC DH generation is assumed
to be 20% of the fuel energy [Lower Heating Value (LHV) basis]. The
amount of CO, captured per fuel used is obtained from the process
simulations, based on the fuel compositions specified in Table 2.

The capture plant performance is based on a process model of a
carbon capture plant that was developed in Aspen Plus (Ignell and
Johansson, 2021), with an estimated capture plant electricity con-
sumption of 0.1 MWh/tCO,. Heat recovery from the capture plant for
DH generation is applied to all plants, and three cases with different
extents of heat recovery are compared:

a) No heat recovery (0%);

b) Heat recovery through heat exchangers, corresponding to 64% of the
energy in the steam extracted to drive the CCS reboiler (Ignell and
Johansson, 2021); and

c) Heat recovery corresponding to case b and additionally using heat
pumps (COP = 3) to produce DH from the cooling demand (i.e.,
carbon capture plant process streams with temperatures <60°C that
need cooling), resulting in up to 118% total heat recovery relative to
the energy in the steam extracted to drive the reboiler, with a heat
pump electricity consumption of 0.17 MWh/tCO,. This case is
designated as “118%”, although some plants may reach slightly
lower total heat recovery percentages.

2.3.2. District heating demand profiles

The load profiles for the yearly DH demands with hourly resolution
are based on real data for three Swedish cities (Luled, Gothenburg and
Malmo; year 2012) located in different parts of the country, to account
for geographic variations in air temperature levels. The demand data for
Lule& and Malmo are obtained from the published database (Schweiger
et al,, 2017). The data for Gothenburg are obtained via personal
communication with the local DH utility companies, as previously
published (Romanchenko et al., 2017). The demand profile of the city
that is located closest to each specific DH system is applied in the model
calculations, and scaled to match the total annual delivery of DH of the
respective DH network [annual demand data are obtained from (Ener-
giforetagen Sverige, 2021)].

2.3.3. DH system merit order and unit commitment model

The DH system unit commitment model is based on the operation of
plants according to a predetermined merit order, as presented in Table 3,
and is applied to all DH systems. The merit order represents the current
operational priorities of Swedish DH networks. If a plant type is not



Table 1
Technical data for the steam cycle case studies. The letters in parentheses used to label some of the column titles (Second DH condenser, LPFWH and HPFWH) correspond to the steam turbine extractions indicated in Fig. 3.
Plant name, City Fuel Design Boiler thermal Primary steam Primary Second DH LPFWH Deaerator HPFWH Industrial Reference
power-to- capacity (Qg) temperature [°C] steam condenser (A) [bar] (B) pressure [bar] (C) process
heat-ratio [MWy,] pressure [bar] steam
[bar]
Steam cycles modeled Idbacksverket, Biomass 0.57 95 543 143 Yes 3.5 8.6 29 No (Saarinen, 2008)
with turbine Nykoping
extraction to reboiler ~ Lugnvik CHP plant, Biomass  0.56 125 540 140 Yes 3 7.5 17 No (Hagberg, 2008)
Ostersund
Visteras CHP plant Biomass  0.49 170 485 120 Yes 2.9 6.5 13.6 No (Starfelt et al.,
unit 5 2015; Wiesner,
2017)
Visteras CHP plant Biomass  0.50 150 520 91 Yes 2.5 5.8 16.3 No ¢
unit 7
Johannes CHP plant, Biomass 0.55 65 480 90 Yes 3.6 7 No No (Cuadrado, 2009)
Gavle
Silververket, Sala Heby Biomass 0.39 32 480 80 Yes 3.6 11 No No (Ghaffarpour and
Ros, 2018)
Strangnas CHP plant, Biomass  0.45 36 482 72 Yes No 3 No Yes, 15 bar (Erneby, 2012)
Strangnas
Visteras CHP plant Waste 0.44 159 470 75 Yes 2.3 6 No No (Beiron et al.,
unit 6 2019)
Lillesjo CHP plant, Waste 0.36 38 400 40 Yes No 6 No No (Oberg, 2017)
Uddevalla
Déva 1 CHP plant, Waste 0.38 55 400 40 No 2 6 No No (Spett, 2006)
Umed
Steam cycles modeled Uppsala CHP, Uppsala Waste 0.20 60 226 20 No No No* No Yes® (Djurberg, 2020;
with reboiler steam Jung, 2010)
extracted from Savenas CHP plant unit  Biomass  0.16 95 220 20 Yes® No 6 No No ¢
primary steam 3, Goteborg
Munkegardsverket, Biomass  0.13 23 224 29 Yes” No No No No (Pettersson and
Kungalv Eriksson, 2006)
Eksjo CHP plant, Eksjo Waste 0.11 20 197 16 Yes” No No No No (Fransson et al.,
1998)

DH, district heating; LPFWH, low-pressure feedwater preheater; HPFWH, high-pressure feedwater preheater.
Power-to-heat ratios refer to nominal steam cycle performances (excluding flue gas condenser heat production).
@ Uses primary steam instead of turbine extraction.
b Uses hot water instead of turbine extraction.
¢ Personal communication with plant employees.

‘D 32 uoadg I
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Table 2

Average compositions of municipal solid waste and biomass wood chips used as
fuels — as-received basis (The Swedish Envirnomental Protection Agency, 2004).
The biogenic share of waste is obtained from (Statistics Sweden, 2019).

Fuel Wood chips Municipal solid waste
Fuel composition [wt%]

C 32.9 32.9

H 3.9 4.5

(0] 26.7 21.3

N 0.2 0.5

S 0.0 0.4

Ash 1.3 10.5

Water 35.0 30.0

Biogenic share [%] 100 52

Table 3

Plant merit order and minimum load levels of heat production units in district
heating networks. Industrial and peak capacities are considered as aggregates
with continuous load ranges; therefore, a minimum load level is not applied for
these plant types.

Running order Plant type Minimum load level

1 Industrial excess heat -

2 Waste-fired CHP plants 0.7
3 Biomass-fired CHP plants 0.4
4

Other units (peak plants)

applicable for a certain DH network, the next plant type in order is
operated instead. If there is more than one plant in a category, the plant
with the most recent commissioning date is taken into operation first.
“Other units” refer to heat production technologies such as heat only
boilers, heat pumps, electric boilers, and reserve CHP plants. Industrial
excess heat deliveries are assumed to be constant throughout the year
and always used in full, when applicable.

The load level of each plant for each hour of the year is determined
according to the following set of logical conditions.

1 If the hourly heat demand is lower than the maximum heat pro-
duction of the first plant in the running order, the CHP plant load
level is set to part load to match the heat demand.

2 If the heat demand is higher than the CHP plant maximum heat
production, the load level of the CHP plant is set to full load.

3 If there are more CHP plants available in the DH system, the pro-
cedure is repeated until the heat demand is met.

4 If the heat production of the CHP plants is insufficient to cover the
demand, peak units are started.

5 A sub-loop ensures that CHP plants do not operate below the mini-
mum load level, by lowering the load of the previous unit.

The plant operation is determined for each hour of the year sepa-
rately, without dynamic effects, i.e., maintenance stops, ramp rates and
minimum up/down times are neglected, and load changes are assumed

Capture cost

Local transport cost
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to be instantaneous. The possibility to use thermal energy storage is not
reflected in the calculations.

The outputs from the model are the hourly heat and electricity
production levels from each CHP plant, as well as the associated CO,
emissions. The carbon capture process is assumed to be in operation at
all hours when each respective CHP plant is running, with 90% capture
of CO; from the flue gas flow.

2.4. Cost estimations

A marginal abatement cost curve for CO5 capture from Swedish CHP
plants is developed that includes costs for the CO, capture and the
transport of CO, from the plants to intermediate storage hubs (denoted
as “Local transport cost™). Fig. 4 illustrates the parts of the CO5 supply
chain that are included in the cost estimation.

2.4.1. Capital cost of absorption, compression, and liquefaction plant

The capital expenditures (CAPEX) related to the COy capture,
compression and liquefaction plant are estimated based on the work of
Eliasson et al. (2021). The absolute CAPEX is a function of plant size, i.e.,
the mass flow of CO, captured, m¢oz [kg/s], and can be approximated as
a power function, as shown in Eq. (1) (Eliasson et al., 2021), to account
for economy-of-scale benefits. Eq. (1) is based on detailed calculations of
equipment-specific costs using sizing parameters, for capture plant de-
signs that are dimensioned for different CO5 flow rates, to which a power
function has been fitted (Eliasson et al., 2021). Eq. (1) represents cases
with a flue gas CO, concentration of 13%, which resembles the condi-
tions typically found in CHP plants, together with an absorption plant
designed to capture 90% of the CO; in the flue gases. The capture plant is
dimensioned based on the CO5 flow at CHP plant full load. The CAPEX is
annualized with a discount rate of 7.5% and an economic lifetime of 25
years, including 2 years of construction time and a plant operational
lifetime of 23 years. For the 118% heat recovery case, heat pump in-
vestment costs are estimated based on (Danish Energy Agency, 2020).

Absolute CAPEX (k€) = 15520-m¢pp*%* o)

2.4.2. Operational cost of carbon capture

The CO5 capture plant operational expenditures (OPEX) include
variable and fixed costs. The fixed OPEX is calculated as 6% of the ab-
solute CAPEX and includes maintenance, insurance, and labor costs. The
variable OPEX of operating the steam cycle with carbon capture is
expressed by Eq. (2) and comprises the cost of utilities needed to drive
the absorption, compression, and liquefaction processes [cooling water
(Vew), electricity (Peccs), and MEA make-up (Vyga)l, and the costs for
lost electricity production and net DH delivery from the CHP steam
cycle, including any capture plant heat recovery (A sc and Apy sc). DH
generated by installing a new flue gas condenser in conjunction with the
CCS retrofit (Qpewrgc) is, when applicable, considered a new revenue
stream and subtracted from the expenditures. Table 4 lists the assumed
cost for utilities. To put the numbers in perspective, the cost of wood
chips is around 20 €/MWh and the cost of municipal solid waste is

Cco, Carbon capture, Iﬁi‘:ﬁ:’:;:;tz
from —»| compression &
lant : liquefaction storage hub
P . (truck)
|

Transport to
final storage >
location

Storage

Included in cost estimation

Fig. 4. Overview of the CO, supply chain and cost components included in the cost estimation. Intermediate storage stages between the chain components are

omitted for clarity.
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Table 4
Economic assumptions made for the calculation of the carbon capture opera-
tional expenditures.

Utility Cost Unit
Electricity (Ce) 40 €/MWh
District heating (Cpg) 15 €/MWh
Cooling water (Cey) 0.02 €/m3
MEA make-up (Cyra) 2,000 €/m®

around -17 €/MWh (i.e., negative) in Sweden (excluding taxes) (The
Swedish Energy Agency, 2021).

OPEX = Cyu( — Ausc+Puccs) + Con( — Apisc — Onewrce) + CewVew

+ CueaViea
()]

The electricity and cooling water demands to drive the COy ab-
sorption and compression are estimated from a process simulation
model developed in Aspen Plus (Ignell and Johansson, 2021), while the
liquefaction electricity and cooling demands are based on a previous
publication (Deng et al., 2019). The CO; is assumed to be compressed to
15 bar and -25°C. The impacts on steam cycle electricity and DH gen-
eration of operating with CCS are obtained from the steam cycle process
simulation model. The utility demands are assumed to be independent of
load level and to scale linearly with plant size.

2.4.3. Local CO; transport cost

Once captured, compressed, and liquefied, the CO5 is transported
from the CHP plant to an intermediate storage hub, from where it is
subsequently transported by ship to a permanent storage site (Fig. 4).
The transport of CO, between the plant and the hub is assumed to be by
truck, since all CHP plants have access to the road network infrastruc-
ture. Train transport could be a feasible option for CHP plants located in
cities with access to the railway network, although it would not neces-
sarily be cost-competitive compared to truck transport for sites with
small volumes of CO; to transport (Kujanpaa and Pursiheimo, 2017).
Pipeline transport is not the most likely option in Sweden, due to the
lack of an existing large-scale pipe grid, potential problems with public
acceptance, and a rock-ground that makes the building of (underground)
pipelines expensive (Kjarstad et al., 2016).

The present work considers seven intermediate storage hubs that
have coastal locations (Table 5). Four of these are industrial sites with
considerable CO, emissions that have been identified by Kjarstad et al.
(2016) as possible hub locations. The remaining hubs are cities in re-
gions with a high population density, i.e., there are several large CHP

Table 5

Intermediate storage hubs with (modeled) annual volumes of CO; to transport,
including emissions from the CHP plants and industries located at the hub sites.
The hub locations are shown in Fig. 9. The modeled CHP plant CO, captured
corresponds to the case with 64% heat recovery.

Hub/site Source of site CHP plant CO, Industrial CO, capture
emissions capture potential potential [kt/year] (
(modeled) [kt/year] Johnsson et al., 2020)
Lulea Industry (Iron 720 3,300
& Steel)
Ostrand Industry (Pulp 1,690 2,300
& Paper)
Stockholm CHP plants 6,575 0
Oxelosund Industry (Iron 2,650 1,500
& Steel)
Lysekil Industry 460 1,500
(Refinery)
Gothenburg  CHP plants & 1,580 500
Industry
(Refinery)
Helsingborg ~ CHP plants 2,290 0
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plants located nearby from which CO5 could be collected.

The truck transport cost is calculated using the parameters listed in
Table 6. The cost includes vehicle investments, fuel, labor and mainte-
nance. Egs. (3)-(6) present an overview of the calculations. The number
of trucks required, Nyycks, is dimensioned based on the volume of CO4
captured during 1 day of full-load operation (Y¢oz day) and the volume of
CO, transported per day per truck, Ycoz day,truck, Which is a function of
the distance traveled, L, and vehicle speed, v. Truck drivers are assumed
to work 8-hour shifts (i), with three shifts per day (Nihifss,day). Drivers
work 5 days per week, resulting in the need for 5 drivers per truck. The
fuel cost is calculated based on the number of trips per day (with full-
load operation, Niips day) and the driving distance per trip. The cost of
the drivers’ wages and fuel costs are multiplied by the plant capacity
factor, to account for seasonally varying operation. The maintenance
cost is calculated as 5% of the investment cost.

2L
trip = > + tioad 3)
Lsnife
Ycoo day,ruck = —— * Ngnigis.aay * Yiruck “4)
Loip
Yco2.4
N, trucks — e (5)
YCOZ,day,rruz‘k
Yco2.day
Nuipsday = —5— (6)
thck
3. Results

The results are presented in three parts. First, the process simulation
results are given. Second, unit commitments of DH systems with CCS
from CHP plants are analyzed. In the third part, cost estimations are
provided together with a marginal abatement cost curve.

3.1. Process level impact of CCS on CHP plant performance

Operating CHP plants with carbon capture affects the plant perfor-
mance. Fig. 5 plots the percentage of nominal steam cycle electricity and
DH production retained when operating CHP plants with CCS. The
symbols in Fig. 5a represent the 14 CHP plants modeled (Table 1) and
are distinguished by fuel type (waste/biomass) and type of steam
extraction (turbine/primary steam). The results pertain to full-load
operation (i.e., boiler load kept constant with/without CCS) with a
90% capture rate.

The steam cycle electricity generation with CCS depends on where
the reboiler steam is extracted. CHP plants with turbine extraction
(yellow dots) retain 75%-85% of the nominal electricity production,
independent of the steam cycle power-to-heat ratio and live steam pa-
rameters; the scattering of the yellow dots is mainly a result of the
different available extraction pressures of the cases. Plants that use
primary steam to drive the CCS reboiler have significantly lower levels
of electricity retention, between 37% and 68%, where the higher values
correspond to the hot-water boilers (Eksjo CHP plant and Mun-
kegardsverket) that have low power-to-heat ratios. The low percentage

Table 6

Economic assumptions made in the truck transport cost calculations.
Parameter Value Unit
Investment cost 280,000 €/truck
Fuel cost 0.6 €/km
Driver wages 80,000 €/year/driver
Loading time (toqq) 1 h/trip
Capacity (Yiryck) 33 m® COy/trip
Speed (v) 50 km/h
Interest rate 10 %

Lifetime 10 years
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b) Lillesjé CHP plant
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Fig. 5. Impact on CHP plant electricity and district heating generation levels when operating at boiler full load with carbon capture, expressed as percentage of
nominal steam cycle production retained with CCS. (a) Steam cycle performance as a function of design power-to-heat ratio, type of steam extraction and fuel;
displayed for the cases in Table 1. Each symbol represents one plant. (b) Performance when taking into account the energy demands of the absorption, compression
and liquefaction processes, for the case of the Lillesjo CHP plant. “Ref” represents the performance without CCS, “Steam cycle” is the steam cycle performance with
CCS, and the percentages 0%/64%,/118% represent the overall CHP plant and carbon capture plant performances for different shares of heat recovery, as detailed in

Section 2.3.1. DH, district heating; FGC, flue gas condenser.

of electricity retention is, of course, a result of extracting the primary
steam before it has done any work in the turbine.

In terms of retained steam cycle DH generation, Fig. 5a shows that
waste-fired plants (purple triangles) generally retain a larger share of the
nominal heat production than biomass-fired plants (green triangles);
54%-67% and 36%-65%, respectively, where the higher values are
obtained for cases with primary steam extraction to the reboiler. Note
that the nominal steam cycle heat production excludes heat generation
from existing flue gas condensers. Plants that combust biomass generate
more CO, per MWy, compared to waste fuels, due to the higher moisture
content of the biomass (Table 2), which leads to a higher reboiler duty
and steam demand, with less steam being left for DH production in the
steam turbine condensers.

The overall plant performance is further dependent upon the elec-
tricity demand of the carbon capture plant and the amount of heat that is
recovered from the capture plant to produce DH. Fig. 5b presents the
CHP plant performance for the case of the Lillesjo CHP plant (waste-
fired, modeled with a turbine extraction to drive the reboiler), for
different heat recovery cases (Section 2.3.1) and the case in which a new
flue gas condenser is installed together with the CCS retrofit. The elec-
tricity consumption of the capture plant causes a further reduction in net
electricity production of 14%, which decreases the retention of elec-
tricity production to 47% if heat pumps are applied for heat recovery
purposes (118% case). In contrast, there is a significant potential to
increase the retention of DH production through heat recovery, up to
84% with heat exchangers and 110% with heat pumps. For plants that
install a new flue gas condenser, the DH generation increases by an
additional 20%-30%.

3.2. System level impact of CCS on CHP plant unit commitment

Given the impact on CHP plant performance of CCS, the overall DH
system operation is also affected. Fig. 6 exemplifies the impact on DH
system unit commitment when carbon capture units are installed at all
CHP plants within a DH network. Fig. 6a shows the modeled system
operation for a reference case without carbon capture, and Fig. 6b-d
present the unit commitment of CHP plants with CCS, for different heat
recovery cases. In Fig. 6b, there is no heat recovery from the capture
plant, resulting in a significantly decreased heat output from the CHP
plants (see also Fig. 5b). As a consequence, the number of full-load hours
of the plants increases, especially for intermediate plants, to compensate
for the lost heat production, as evidenced, for instance, by the increased

use of CHP3 (yellow) in Fig. 6b. However, the heat production from peak
units (black) also increases significantly compared to the reference case,
due to the decrease in heat production capacity.

When heat recovery is included in the unit commitment model, the
CHP plant full-load hours are comparable to the reference case for the
64% heat recovery case (Fig. 6¢) and decrease for the 118% case
(Fig. 6d). Thus, with 64% heat recovery, the DH system operation is
quite similar to the reference case when applying CCS. Heat recovery
with heat pumps (118% case) increases the heat production capacity of
the CHP plants to more than 100% of the nominal capacity (Fig. 5b),
thereby reducing the need for heat production from intermediate and
peak plants. The operation of base-load units is not significantly
impacted by the share of heat recovered.

In Fig. 6, all CHP plants in the DH system are retrofitted with CCS. If
only one CHP plant in the network is retrofitted, the impact on system
dispatch is similar to that described above, albeit of lesser magnitude.
For example, in the case without heat recovery, the level of DH gener-
ation from the CHP plant with CCS decreases and leads to increased heat
delivery from peak units, although not to the same extent as when all
CHP plants in the network are integrated with carbon capture, which
prompts a greater need for peak unit heat production.

The differing CHP plant performances of the three heat recovery
cases entail varying levels of energy outputs. Fig. 7 plots the changes in
aggregated annual electricity and DH production and the CHP plant fuel
use for all 110 CHP plants in the study, as compared to the reference case
without CCS, and the corresponding amounts of biogenic and fossil CO,
captured in each heat recovery case. The annual electricity generation is,
of course, reduced compared to the reference independent of case, as
shown in Fig. 5b, and even more so when heat pumps are used to in-
crease the heat recovery (118% case). The total DH generated depends
on the share of heat recovered, although it is lower than the reference in
all cases. However, the use of heat pumps (118% case) increases the DH
production to a level that is comparable to that of the reference.

Given the increased plant utilization observed in Fig. 6b, the CHP
plant fuel use increases without heat recovery but is reduced when heat
recovery is applied. The amount of biogenic CO, captured is linked to
the CHP plant fuel use and is largest without heat recovery. All cases
exceed the proposed target of 10 Mt of biogenic CO, captured per year.
The amount of fossil CO, captured is 2.6-2.9 Mt/year in all cases.



J. Beiron et al.

a) Reference case, no CCS

International Journal of Greenhouse Gas Control 118 (2022) 103684

mCHPl  mCHP2 CHP3  mPecak

500
400
300
200

100

Heat production [MWh/h]

b) All CHP plants operating with CCS, 0% heat recovery

500

400

300144
200

100

Heat production [MWh/h]

500

400
300
200
100

Heat production [MWh/h]

= 500
§400
2
=}
§ 300
o
=
2 200
E
= 100
<
L
=0
— O — O — O — O — O — O — O —
Vi — O QA >0 0 g o o —
L B I e Y e S T =T o B e - = e B 0
— = = = AN AN AN NN nonoon

3826
4081

O — O = O —~ & — O — O — O — O — O —
AN T OV = O N0 X T OO —
NN X =N O X =0 R~ NS R~ F O
<t S+ F N v N O O O O 00
Time [h]

Fig. 6. Modeled unit commitment of combined heat and power plants, exemplified by the district heating network of Vésterds, Sweden. Panel a shows a reference
case without CCS, while panels b-d plot the system operation with 90% carbon capture from all CHP plants in the DH network with: (b) 0%, (c) 64%, (d) 118% heat

recovery from the carbon capture plant, as detailed in Section 2.3.1.

3.3. Cost of carbon capture

3.3.1. Capture plant CAPEX

Fig. 8 shows the variation of the specific CAPEX with CHP plant size
and the number of full-load hours for the 64% heat recovery case. The
cost, which ranges from 16 €/tCO; to more than 100 €/tCO,, increases
for plants that are small and/or that operate for few full-load hours.
Thus, if the level of plant utilization is low, less CO; is captured than can
justify the investment made in the plant. Therefore, base-load plants
with a high number of full-load hours show a lower specific CAPEX than
an equally large intermediate CHP plant that operates exclusively during
the cold part of the year. The impact of plant size on specific CAPEX is
strongest for CO; flows <50 t/h, and the specific CAPEX is higher for a
small CHP plant with high utilization than for a larger plant with a lower
number of full-load hours.

3.3.2. Operational expenditures of carbon capture

The cost components of the OPEX for CHP plants with CCS are pre-
sented in Fig. 9. Fig. 9a gives the cost components of the operational cost
for the three heat recovery cases. The net OPEX, considering both the

costs for utilities and the revenue from recovered or new DH generation,
is indicated in Fig. 9a by red dots where the white filling highlights
plants that generate DH from new FGC installations. The net OPEX
varies between 15 €/tCO; and 28 €/tCO, and is highest for the case
without heat recovery (excluding new FGC). The main cost components
are electricity and loss of DH generation. With heat recovery, the cost of
lost DH production decreases, and even becomes negative (i.e., gener-
ating revenue) for the 118% case, albeit at the expense of increased
electricity cost. Cooling water and MEA make-up are relatively small
cost components. CHP plants that install a new FGC obtain an 8 €/tCO2
reduction in OPEX independent of the level of heat recovery.

Fig. 9b shows the sensitivity of the specific OPEX to variations in
electricity and DH prices. For a relative change in price of +50%, the
OPEX is increased/decreased up to 8 €/tCO for the change in electricity
price, and up to 6 €/tCO,, for the change in DH price. Since the electricity
and DH costs for the 0% case are of comparable magnitudes (Fig. 9a),
changes in the electricity and DH prices have similar impacts on the
OPEX. As the loss of DH decreases with heat recovery, the OPEX be-
comes less sensitive to DH price variations. Given the increased gener-
ation of DH in the 118% case, a reduction in DH price, in fact, causes an
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Fig. 7. Aggregated system impact of CCS on Swedish CHP plants’ annual
electricity generation, district heating production, fuel use and carbon captured
[biogenic (BECCS) vs fossil (CCS)], presented for the three heat recovery cases
described in Section 2.3.1.

increase in the OPEX. The 0% and 64% cases have the same electricity
consumption levels, and are therefore equally sensitive to electricity
price variations, while the 118% case is affected more, due to the added
heat pump electricity demand.

3.3.3. Costs for capture and local transport of CO»

Summing the cost components for capture and local transport,
Fig. 10 visualizes the geographic distribution of CHP plant locations in
Sweden, with intervals for the specific costs of capture and truck
transport, estimated volumes of CO, captured per year indicated, and
the seven transport hubs proposed in this study. The greatest potential
for low-cost CO2 capture is found close to the Stockholm hub (red
markers in Fig. 10), where the population density is highest and many
large CHP plants are located. The carbon capture plant CAPEX is the
lowest for large plants with a high utilization time (Fig. 8), and the COy
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truck transport cost is generally proportional to the driving distance,
although a low plant utilization time increases the specific truck trans-
port cost (€/tCO3). However, the economy of scale of capture plant
CAPEX can offset the increase in transport cost for long driving dis-
tances, so that there are plants that are located far from a hub that yield
specific costs in the 70-100 €/tCOs interval (see inland orange markers
in Fig. 10). The main governing factors for low-cost capture and local
transport are, based on these results, plant size and utilization. Thus,
having an abundance of CO; to capture (for a large part of the year)
makes investments worthwhile. Plants that achieve a cost for capture
and local transport that is lower than 70 €/tCO5 have boiler thermal
capacities in the range of 60-540 MWy,, with at least 4,200 full-load
hours, while capture and local transport costs in the range of 70-100
€/tCO4 are feasible for plant sizes in the 14-355 MWy, range that
operate for at least 2,800 full-load hours. A low level of plant utilization
can, thus, be balanced by a large plant size and can keep costs relatively
low.

3.3.4. Marginal abatement cost curve

With the estimated specific costs of carbon capture and truck trans-
port to the nearest transportation hub, and the modeled carbon capture
potential of each CHP plant in the database, Fig. 11 presents the mar-
ginal abatement cost curves for CO5 capture from Swedish CHP plants
with a 90% capture rate, for the three heat recovery cases. Each bar
represents the modeled CO5 captured from one CHP plant, according to
the applied DH system unit commitment model (Section 2.3), with the
corresponding cost components given in €/tCOz-captured. As is also
shown in Fig. 7, the total CO; capture potential from all the plants varies
from 13.9 Mt/year in the 118% heat recovery case to 19.3 Mt/year in the
case without heat recovery, reflecting different fuel consumption rates
of the CHP plants. Of these CO; emissions, 2.6-2.9 Mt are of fossil origin,
leaving some 10-16 Mt of negative emissions (Fig. 7). To place these
numbers in context, the proposed target for Sweden by 2045 is 3-10 Mt/
year of BECCS (SOU, 2020), and the total amount of fossil CO5 emitted in
Sweden in 2019 was 41 Mt.

Fig. 11 also shows that — as indicated previously - the cost of capture
and local transport from the smallest or least-utilized plants is quite
high, i.e., substantially higher than what is normally associated with
CCS of around 100 €/tCO;,. Some 6.4-7.8 MtCOy/year (biogenic and
fossil) could be captured and transported to a hub at a cost less than 75

100

80 A

60

40 -

20 A

Specific CAPEX [€/ton CO;]

O

< 4000 h
4000 - 6000 h
6000 - 7000 h
> 7000 h

O

O

0 50

100

150 200 250

CO- captured at full load [ton/h]

Fig. 8. Specific capital cost of a carbon capture plant (including absorption, compression and liquefaction) for CHP plants as a function of plant size (CO, flow) and
number of full-load hours. The plotted costs are calculated for the 64% heat recovery case. Note that the y-axis is cut off at 100 €/tCO,.
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Fig. 10. Geographic distribution of Swedish CHP plants and their respective
potentials for annual carbon capture (biogenic and fossil CO3) and the associ-
ated specific cost of capture and truck transport, for the 64% heat recovery case.
The proposed CO, transport hubs do not currently exist but are assumed to be
located in larger harbors.

€/tCO2, while 10.6-13.6 MtCOo/year could be available at a maximum
cost of 100 €/tCO,. However, note that these cost estimates do not
include the costs for ship transport and CO; storage (see Section 4.3).
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the 3 bar needed to drive the reboiler. Part-load operation might,
therefore, require either: (i) that less steam is extracted for CCS so that
the steam pressure increases to a sufficient level, thereby yielding a
lower capture rate; (ii) that steam is extracted at a higher pressure; or
(iii) that an auxiliary boiler is used to provide steam to the reboiler. The
steam flows extracted to drive the capture process are substantial, and
the steam flow that remains in the turbine might be lower than the
minimum level. In addition, the feasibility of extracting the required
steam flows without extensive reconstruction of the steam turbine needs
to be investigated.

This work assumes that the capture plant is dimensioned to capture
90% of CO4 emissions at full load. For CHP plants that operate at full
load as baseload units for a large part of the year, such an assumption
can be considered reasonable. However, for CHP plants that apply load-
following operation with a large extent of part-load operation during the
year, it might be more cost-efficient to dimension the carbon capture
plant for capturing a lower percentage of full load emissions, see for
instance (Biermann et al., 2018). On the other hand, capture rates above
90% might also be feasible (Gao et al., 2019; Hirata et al., 2020), which
would increase the potential for negative emissions, although the impact
on the capture cost needs to be studied further.

It is important to point out that the reboiler duty applied in this study
(3.6 MJ/kgCO5) should be regarded as a conservative estimate, and that
lower values or other carbon absorption processes might represent
feasible and competitive options, potentially resulting in improved
process performance. Advanced amine solvent systems are commer-
cially available, including Cesar-1, Cansolv and KS-1. The KS-1 system
has been found to have reboiler duties in the range of 2.0 — 2.3 MJ/
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Fig. 11. Marginal abatement cost curve for CO, capture from Swedish CHP plants, with cost categories indicated by color. The x-axis gives the cumulative carbon
capture potential (including biogenic and fossil emissions) for Swedish CHP plants given: (a) 0% heat recovery; (b) 64% heat recovery; and (c) 118% heat recovery

from the carbon capture plant. Note that the y-axis is cut off at 150 €/tCO,.

kgCO5 (Zheng et al., 2020), which is a significant reduction compared to
the values assumed for MEA in this study, and could lead to a lower
impact on the electricity and heat production levels, and a reduced
operating cost.

4.2. Energy system considerations

Operating CHP plants with carbon capture gives impacts not only on
plant performance but also on the national energy balance (Fig. 7). DH s
typically the main product of Swedish CHP plants, underlining the
importance of maintaining heat deliveries. However, the 118% heat
recovery case with heat pumps, which has the weakest impact on DH
production, also results in a significantly reduced level of electricity
generation. From the national electricity system perspective, the lost
electricity generation might be replaceable, as CHP plants constitute less
than 10% of the current Swedish electricity mix. However, in cities that
have limited connection capacity to the national grid and a growing
electricity demand, the local electricity generation capacity from CHP
plants might be of high value and might compete with CCS.

This study assumes that the current product mixes and DH demands
of DH systems are maintained, i.e., future development of DH companies
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are not considered. In reality, some CHP plants may be shut down in the
near future, and new plants may be built, although it is not obvious that
CHP would be the preferred option in such a situation. As a consequence
of persistently low electricity prices, heat-only boiler (HOB) plants are
being discussed as CHP plant replacements in DH system planning.
However, applying BECCS to HOB plants could also be of interest, at
least for plants that are of reasonably large size. There may also be a
development towards using the limited biomass resource for the pro-
duction of higher-value products, such as biofuels. As an example, one of
the DH companies in Sweden recently announced plans to produce
aviation fuels, as a way to increase the utilization time of their pro-
duction plants. The valuation of different energy products is, thus, a key
element of the cost-efficient implementation of CCS in energy systems.

It should be noted that the present work does not account for the
carbon footprint of the biomass supply chain and CO5 transport, that is,
emissions originating from, for example, biomass transport and pro-
cessing, or truck emissions. An assessment of the BECCS supply chain
can be found in (Fajardy and Mac Dowell, 2017).
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4.3. Total cost of CCS

The cost estimations in this work do not include either the cost of
ship transport of CO2 from hub locations to the final storage site or the
cost of storage. Thus, the total cost of CCS will be higher than reported
here. Ship transport costs in the Nordic region have been estimated by
Kjarstad et al. (2016) to be in the range of 14-22 €/tCO5, where the
volume of CO, transported has a stronger impact on the cost than the
distance travelled, since ship transport is rather insensitive to trans-
portation distance. The collaboration of industries and/or CHP plant
clusters in large-scale, joint, transport infrastructure systems is, thus,
beneficial from the transport cost perspective.

Currently, the concept underlying the Northern Lights project for
CO4, storage in the North Sea, with Kollsnes as the final intermediate
storage hub, seems to represent the most likely solution from a Swedish
point of view, at least for the first projects. Ship transport and storage
costs are predicted to be in the range of 30-55 €/tCO4 (Sandberg, 2020),
which would give a total cost for CCS applied to Swedish CHP plants in
the range of 75-180 €/tCO». In comparison, 23 MtCOy/year (including
15 Mt of BECCS) could be captured from Swedish industrial sites that
emit at least 500 ktCOy/year at a cost of 80-140 €/tCOq, including the
costs for transport and storage (Johnsson et al., 2020).

5. Conclusion

This work provides a techno-economic assessment of carbon capture
applied to 110 existing Swedish biomass and waste-fired combined heat
and power (CHP) plants, and estimates the potential for achieving
negative CO; emissions via BECCS. By examining a unit commitment
model of district heating (DH) system operation in which CHP plants are
retrofitted with CCS, the results show that the total potential for nega-
tive emissions is 10-16 Mt annually (corresponding to 25%-40% of the
total CO2 emissions from all sectors in Sweden), depending on the extent
of heat recovery from the carbon capture plant. This might be sufficient
to meet the proposed targets for BECCS in Sweden of 2 MtCO,/year by
2030 and 3-10 Mt COy/year by 2045. The estimated specific cost of CO;
capture and transportation via truck to intermediate storage hubs is in
the range of 45-125 €/tCO; for most CHP plants, depending on the plant
size and utilization. Some 10.6-13.6 MtCOy/year could be available for
capture at a cost of <100 €/tCOq, excluding the costs for ship transport
and storage.

Operating CHP steam cycles with carbon capture causes reductions
in electricity and DH production levels (of around 20% and 40%-60%,
respectively), although up to 118% of nominal DH deliveries might be
retained through heat recovery from the CO2 capture plant and heat
pumps applied to the capture plant cooling demand, at the expense of a
further reduction in electricity generation (47% retained if heat pumps
are used). The extent of heat recovery affects the DH system unit
commitment, in that the case without heat recovery results in increased
plant utilization, fuel use and carbon capture potential, while full heat
recovery with heat pumps (118%) has the opposite effect, with a
reduced number of full-load hours and less captured carbon.

Further research might focus on optimizing the design and integra-
tion of the carbon capture plant with the CHP plant to minimize the
reduction in steam cycle electricity and DH production, as well as
investigating the optimal share of heat recovery from the capture plant
with respect to the local DH system.
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