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A B S T R A C T

Combined heat and power (CHP) plants that provide district heating are underutilized due to seasonal variations 
in heat demand. This work provides an assessment of the techno-economic potential of integrating sorbent-based 
direct air capture (s-DAC) into CHP plants in district heating systems, so as to expand the business portfolio of the 
plant and increase its utilization. The proposed integrated system utilizes the existing CHP infrastructure to 
provide heat at 100 ◦C, and high-temperature heat pumps to upgrade available waste heat from a post- 
combustion carbon capture (PCC) unit, so as to drive a s-DAC process. A bottom-up framework methodology 
is used to quantify the carbon dioxide removal (CDR) potential of the proposed system and identify the optimal 
design and operation, while considering cost optimization with respect to fuel type, district heating demand, the 
extent of heat recovery within the plant, heat and electricity prices, and carbon removal prices.

The results show that for a 167-MW reference plant with PCC, integration of a s-DAC process that is dimen-
sioned for maximum removal (i.e., not optimizing the economics but instead prioritizing the extent of carbon 
removal) provides additional carbon removal from the atmosphere of 162.7 ktCO2/y. A net-positive cash flow is 
attained at CDR credit prices in the range of 279–685 €/tCO2 (reflecting zero heat recovery to full heat recovery). 
For profit-driven operations, the results indicate that for a CDR credit price of 615 €/tCO2, s-DAC and PCC 
contribute 11.8 % and 67.1 %, respectively, of the total yearly net cash flow of the plant.

1. Introduction

Carbon dioxide removal (CDR) is expected to play a major role in 
meeting climate targets by compensating for hard-to-abate emissions 
[1]. In addition, in the longer run, it will contribute to net-negative 
emissions due to a likely overshoot in emissions. The European Com-
mission has set the target of reaching net-zero emissions by Year 2050 
for the Member States [2]. Some countries, such as Sweden, have set 
more-ambitious goals and are aiming to achieve net-zero CO2 emissions 
by Year 2045 [3]. In this regard, the Government of Sweden estimates 
that net CO2 removal in the range of 3–10 MtCO2/y in Year 2045 will be 
required for the country to be achieve the net-zero goal [4].

Several methods have been proposed for CDR, among which biomass 
combustion with carbon capture and storage (bio-CCS) and direct air 
capture (DAC) show the highest potentials for large-scale deployment 
[5]. In this regard, existing biomass-fired, combined heat and power 

(CHP) plants provide an opportunity for bio-CCS through investments in 
end-of-pipe CO2 capture technologies [6]. Implementing bio-CCS at CHP 
plants that are currently operating in district heating (DH) systems is 
expected to be cost-intensive [7], since these plants typically have a 
relatively low number of equivalent full-load hours, due to the seasonal 
variations on the heat demand side.

Regarding DAC, temperature vacuum swing adsorption DAC 
(commonly referred to as solid sorbent DAC, s-DAC) can capture CO2 
from atmospheric air using electricity and low-temperature heat 
(80–120 ◦C). While the main contributor to the cost of CDR via s-DAC is 
currently capital investments, the deployment of s-DAC is also limited by 
high requirements for energy, mainly in the form of heat [5]. Conse-
quently, the literature on s-DAC often considers cases in which waste 
heat from industries is used as a heat source [8]. Furthermore, waste 
heat from industries is considered to be burden-free [9], which increases 
the carbon removal efficiency of the s-DAC by reducing the amount of 
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CO2 emitted from powering the CDR process [10]. Given the availability 
of low-grade (50◦–90 ◦C) waste heat from CHP plants that have been 
retrofitted with post-combustion capture (PCC) units and the likelihood 
of future access to a CO2 transport infrastructure, the co-location and 
integration of the s-DAC technology at bio-CCS plants in DH systems 
could be a suitable strategy for achieving large-scale CDR at a relatively 
low cost, as compared with standalone s-DAC.

The integration of s-DAC into other processes has two main driving 
forces: 1) to utilize the CO2 captured; and 2) to utilize clean/waste en-
ergy from another process to drive the DAC. Regarding DAC with CO2 
utilization, the usual layout involves an electrolyzer using the by- 
produced water by DAC to produce hydrogen (which is why the s-DAC 
technology was originally developed). In this context, Drechler et al. 
[11] and Jeong-Potter et al. [12] have analyzed the properties of s-DAC 
integrated with power-to-gas processes. The former proved that the 
integration of DAC and methanation integration can produce methane 
from air and hydrogen autothermally while the latter proved the feasi-
bility of using dual functional material for DAC and methanation. 
Schäppi et al. [13] have integrated s-DAC with a solar-driven redox 
reactor to produce jet fuel from air which resulted in cost of jet fuel in 
range 1.2–2€/lit with optimistic values assumed for the cost of DAC. The 
access to clean energy has also driven the integration of s-DAC with 
variable renewable energy systems [14] or industrial processes that have 
waste heat available, in order to increase the overall carbon capture 
efficiency of the s-DAC. Following this pathway, Bertoni et al. [15] 
assessed the net removal cost of CO2 for conceptual integration of s-DAC 
into a small modular reactor yielding costs slightly higher than those of 
s-DAC integrated with geothermal or waste heat. Wiegner et al. [16] 
have investigated the operation of s-DAC integrated with an electricity 
grid which included a high share of variable renewable electricity to 
show that the performance of the DAC can improve if the process can 
adjust to weather changes over time and remove CO2 flexibly. Leonzio 
and Shah [17] investigated how s-DAC can be integrated with heat 
pumps to electrify the technology and concluded that the cost of CDR via 
DAC can be reduced up to 39$/tCO2 compared to stand alone DAC. In 
addition, some studies have focused on integrating s-DAC with the 
biomass combustion process. For example, Sagues et al. [18] have 
investigated the levelized cost of CO2 removal for integrated bioenergy 
with CCS plant with s-DAC where s-DAC unit is also responsible for 
capturing CO2 from atmosphere. Furthermore, Al-Ansari et al. [19] have 
examined the integration of s-DAC technologies into a 
biomass-integrated gasification combined cycle with a CCS unit, in 
which biomass is combusted exclusively for the provision of energy for 
s-DAC, so as to maximize the potential for carbon removal. Both of the 
latter studies have reported improved cost-effectiveness for CO2 removal 
when bioenergy with CCS is integrated with s-DAC. Finally, Cheng et al. 
[20] modeled the optimized integration of s-DAC with NGCC, whereby 
s-DAC uses steam and electricity from the NGCC, concluding that a CO2 
price in the range of 150–225 $/tCO2 is required for a positive net 
present value (NPV). However, in all cases, the heat used by DAC is not 
utilized further, i.e. is released to the surrounding ambient-temperature 
environment. Further, the value and possible utilization of this released 
heat has not yet been thoroughly investigated. One possible use for the 
released heat could be from integration of DAC with district heating 
systems, which are a key component in some energy systems, e.g. in the 
Nordics. There, while combined heat and power plants currently serve 
as the primary heat source, a transition toward using heat pumps [22] as 
main heat suppliers is expected. This shift could significantly reduce the 
business opportunities available for CHP plants.

This work aims to assess the carbon dioxide removal (CDR) potential 
of plants integrating combined heat and power, post-combustion cap-
ture and direct air capture (here called CHP-PCC–DAC). The specific 
objectives are to contribute to: 

1. Evaluate the potential for DAC as a new business opportunity for 
CHP plants;

2. Identify the key parameters influencing the performance of the in-
tegrated system;

3. Investigate the optimal sizing of the DAC units in such integrated 
systems and the pricing of CDR credits(a certificate that declares the 
owner has removed one unit mass of CO2 removed from atmosphere) 
required to ensure economic viability under various scenarios; and

4. Analyze the cost-optimal dispatch of the integrated system, including 
carbon-negative electricity, district heating, and carbon removal 
credits.

To achieve this, a generalized framework is developed that in-
corporates process integration with closures of the heat balances, cash 
flow analysis, and cost-optimization modeling of CHP plant integrated 
with s-DAC.

2. The proposed system

This section describes the proposed CHP-PCC-DAC system, where the 
term CHP-PCC denotes a combined heat and power (CHP) plant that is 
equipped with post-combustion CO2 capture and conditioning1 (PCC) 
units, to which a s-DAC process is integrated. All the process equipment 
considered in the proposed system is technically mature, except for the 
s-DAC technology [21]. This work considers a generalized CHP plant 
that delivers DH, electricity, and CDR credit output. Two types of CHP 
plants are considered: biomass-fired and waste-fired. The difference 
between these plants is that waste incineration plants primarily serve as 
a waste management system that operates throughout the year (>8000 
h/y), emitting both fossil and biogenic CO2 (~48 % and 52 %, respec-
tively [7]), while biomass-fired CHP plants, fired with forestry residues, 
provide carbon-neutral DH and electricity but operate on the basis of 
adapting the load to the heat-demand, resulting in a yearly utilization 
factor typically around 50 % [22]. The inability of waste-fired plants to 
adapt their load to the heat demand curve results typically in that the 
selling price of the district heating produced is substantially lower than 
that of the more adaptive biomass-fired plants.

Fig. 1 illustrates the CHP-PCC-DAC system with its main energy 
flows. The main energy flows that are used to control the operation of 
the system in the model are marked with the valves. This system, which 
expands upon the CHP-PCC system described in previous work by some 
of the authors [23] includes four units besides the CHP plant: 
post-combustion CO2 capture and conditioning units (PCC); 
low-temperature heat pumps (LTHP); high-temperature heat pumps 
(HTHP); and the s-DAC unit. In the CHP-PCC system, the DH return 
water (at 50 ◦C) is heated in a series of heat exchangers from the flue gas 
and turbine condensers to meet the DH supply temperature, which 
typically lies in the range of 70◦–120 ◦C [24]. The s-DAC system typi-
cally requires a heating medium at 80◦–100 ◦C, depending on its oper-
ating conditions [25]. The integration of the s-DAC system into the 
CHP-PCC system, as shown in Fig. 1, offers the possibility to utilize its 
electricity and heat with zero-carbon footprint (DH water) at tempera-
tures that are suitable for the s-DAC system. In the proposed system, 
assuming a DH supply temperature of 90 ◦C and a minimum temperature 
difference of 10 ◦C in the adsorbent bed (as reported in Ref. [26]), the 
DH water is heated to 100 ◦C before it enters the s-DAC system.

Based on Roshan Kumar et al. [23], the proposed CHP-PCC-DAC 
system includes heat pumps to upgrade the recoverable excess heat 
from the PCC units, thereby increasing the DH output. The recoverable 
excess heat from the PCC units, designated as low-grade heat 
(30◦–50 ◦C) and high-grade heat (50◦–90 ◦C), is recovered as warm 
water at 50 ◦C and hot water at 90 ◦C, respectively. The warm water is 
then upgraded in the LTHP to the DH supply temperature (90 ◦C), which 
can either be directed to the HTHP or supplied as DH water. The pro-
posed system includes HTHP, which upgrades the hot water from the 

1 CO2 compression and liquefaction for transportation by ship.
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PCC units and LTHP to the target inlet temperature of the s-DAC system 
(100 ◦C). It is assumed that LTHP has access to abundant ambient heat as 
the heat source for the working fluid, whereas HTHP uses low-pressure 
bleed steam from the CHP plant as its heat source. Furthermore, a 
minimum temperature difference of 10 ◦C is assumed in the heat ex-
changers of the heat pumps, which results in temperature lifts of 80 ◦C 
and 20 ◦C in the LTHP and HTHP, respectively.

The proposed system differs from s-DAC plant integrated with heat 
pumps is that the proposed system utilizes hot water from the CHP plant 
and the upgraded excess heat from the PCC unit (at ~100 ◦C). In 
contrast, standalone s-DAC systems typically rely on geothermal heat 
(limited to specific locations [8]), industrial waste heat (subject to 
site-specific constraints [8]) or heat from air-source heat pumps (the 
performance of which is affected by variations in the outdoor temper-
ature [27]). Furthermore, the difference in the heat source temperatures 
and the resulting temperature lift in the heat pumps directly affect the 
electricity requirements of the s-DAC system. In addition, the proposed 
system benefits from existing access to large volumes of water and the 
associated water supply systems at the CHP plant. In contrast, integra-
tion of s-DAC systems at industrial sites could be limited by water 
availability, necessitating additional investments in heat recovery and 
water supply systems.

3. Methodology

Fig. 2 illustrates the framework used in this work for process inte-
gration and techno-economic optimization of the proposed CHP-PCC- 
DAC system. First, steady-state process models and process integration 
methods are used to evaluate the impact that integrating PCC and s-DAC 
units has on the performance of the CHP plant (Section 3.1). Next, a 
feasibility assessment and cash-flow analysis are conducted to assess the 
CDR potential and the economic feasibility of the proposed system for 
different levels of heat recovery from the PCC units (Section 3.2), which 
are then used as inputs to a linear investment and dispatch optimization 
model (Section 3.3). The model simultaneously optimizes the installed 
capacities of the heat pumps and s-DAC system, along with the dispatch 

of the integrated CHP-PCC-DAC plant, to maximize the annual net cash 
flow (NCF). The optimization is subject to electricity prices, heat and 
CDR credits prices (The value that CDR credits are purchased at 
voluntary markets), and investment costs.

Carbon dioxide transportation and long-term storage costs are highly 
dependent upon the chosen transport mode and transport distance. 
Based on the work of Karlsson et al. [28], transportation costs for in-
dustries in Sweden are in the range of 10–50 €/tCO2. In this work, to 
ensure a conservative estimate CDR prices, include the estimated cost of 
CO2 capture and liquefaction onsite (via bio-CCS or s-DAC) along with 
the upper-bound transportation and storage costs for Sweden i.e. the 
above mentioned transport cost of 50 €/tCO2 is considered together with 
a long-term storage cost of 15 €/tCO2 based on the offshore sequestra-
tion case described by Mühlbauer et al. [29].

3.1. Process integration

Table 1 summarizes the process data and assumptions made for the s- 
DAC and heat pumps of the proposed system. The PCC unit is an amine 
absorption unit which uses 30 %wt Monoethanolamine (MEA) solution 
as solvent [30].The process uses an absorber filled with wetted packing 
for contacting flue gas and solvent and a stripper to regenerate the 
solvent. A water washing section is also considered to limit MEA slip to 
environment. The process design has been adapted from Roshan Kumar 
et al. [23] where the main model parameters are detailed. The recov-
erable excess heat from the PCC units is estimated from the actual 
cooling load curve (ACLC), as described in Ref. [23]. Note that the ACLC 
derived from that work [23] is applicable to biomass-fired CHP plants. 
To simplify the heat integration in the present work, it was assumed that 
the differences in heat recovery potential due to different flue gas 
compositions would be negligible. The LTHP operates with a tempera-
ture lift of 80 ◦C, with a working fluid temperature that ranges from 
20 ◦C to 100 ◦C, whereas the HTHP operates with a temperature lift of 
20 ◦C, with a working fluid temperature that ranges from 90 ◦C to 
110 ◦C. These temperature levels were used to estimate the coefficient of 
performance (COP) of a reversible Carnot heat pump, from which the 

Fig. 1. Schematic of the proposed CHP-PCC-DAC system.
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COP of the heat pumps was estimated using an assumed Carnot effi-
ciency of 45 %. Assuming a minimum temperature difference of 10 ◦C in 
the heat exchangers of the heat pump, the LTHP and HTHP were sized 
based on the heat demands in their respective condensers (Qcond,HP), as 
expressed in Eq. (1). The electric power demand and evaporator loads 
(Qevap) of the heat pumps were calculated as shown in Eq. (2) and Eq. 
(3), respectively. 

Qcond,HP =
(
ṁsink*Cp*

(
Tsink,target − Tsink,supply

)
(1) 

PHP = Qcond,HP

/(

ηCarnot*

(

1 −
Tcond(

Twf cond − Twf evap

)

))

(2) 

Qevap,HP = Qcond,HP − PHP (3) 

The extent of heat recovery from the PCC unit is expected to impact 

the results, as it directly influences the level of available heat to drive the 
s-DAC unit and, thereby, the amount of CDR attainable via s-DAC. 
Therefore, three scenarios are considered for heat recovery from the PCC 
unit (see Fig. 1): 

1. No heat recovery
2. Mid-level heat recovery: Recovery of excess heat at temperatures be-

tween 50 ◦C and 90 ◦C through heat exchangers
3. Full heat recovery: Recovery of excess heat at temperatures between 

50 ◦C and 90 ◦C through heat exchangers and at temperatures be-
tween 30 ◦C and 50 ◦C through LTHP

3.2. Cash flow analysis

To assess the economic profitability of the proposed system, a cash 
flow analysis was conducted for two retrofit cases: i) departing from a 

Fig. 2. Overview of the framework used in this work. The red-shaded and green-shaded boxes indicate the input data and outputs, respectively.
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CHP plant already equipped with PCC an investment is made to inte-
grate s-DAC; and ii) departing from an existing CHP plant not equipped 
with PCC, an investment is made to integrate both s-DAC and PCC. For 
each of the retrofit alternatives (implementation of the CHP-PCC-DAC 
system departing from CHP or from CHP-PCC), the analysis consid-
ered a retrofit perspective, i.e., the investment and operational costs of 
the units added are paid with the incremental revenue streams (CDR 
credits) generated from the same units. Obviously, if the added units 
consume heat and power that represented income before the retrofit, 
these decreased sales were considered as costs associated with the 
retrofit. With this, change the net annual cash flow (NCF) is expressed 
as:  

Setting the change in the net annual cash flow equal to zero and 
solving for Cneg provides the break-even values of the CDR credit price, i. 
e. the price making the retrofit economically neutral.

3.3. Plant optimization model

A linear optimization model was developed to determine the profit- 
optimal plant dispatch and sizing of the heat pumps and s-DAC sections 
for the proposed CHP-PCC-DAC system. This optimization consists of 
maximizing the objective function expressing the increase in the annual 
net cash flow of the system [Eq. (4)], which comprises revenues from 
selling electricity, DH, CDR credits (from capture of both biogenic and 
atmospheric CO2), and avoided CO2 tax (due to capturing the fossil share 
of the fuel), while accounting for the costs related to fuel and in-
vestments in new equipment. The optimization provides as output the 
retrofit sizing and plant operation which yields a maximization of the 
net annual ash flow (Eq. (4)).

The overall heat and power generation in the CHP is calculated ac-
cording to: 

Qgen(t) = ṁfuel(t)*LHV*ηQ,CHP (5a) 

Pgen(t) = ṁfuel(t)*LHVfuel*ηP,CHP (5b) 

where the fuel feeding rate is constrained by the boiler capacity, such 
that: 

ṁfuel*LHVfuel ≤ CapBoiler (6) 

It should be noted that the optimization model assumes constant heat 
and electricity efficiency for the CHP plant independent of the load level.

The resulting net power output, Pnet,gen, is calculated from the bal-
ance between the power generated and that linked to internal plant 
consumption: 

Pgen(t) = Pnet,gen(t) + PPCC(t) + PDAC(t) + PHTHP(t) + PLTHP(t) (7) 

The heat extracted from the steam cycle is used to satisfy the heat 
demand, driving the PCC unit, and providing heat to the heat pumps (see 
Fig. 1). A heat equal to 17.5 % of the total energy value of the fuel 
combusted is added to the net heat generation of the CHP plant due to 
flue gas condensers (QFGC). The constant percentage is assessed based on 
the steady state model for the plant. 

Qnet ,CHP(t) = Qgen(t) − QPCC(t) − QHTHP,evap(t) + QFGC(t) (8) 

The total amount of CDR credit to be sold at CO2 price, CCDR, consists 
of the sum of the biogenic CO2 captured from fuel combustion, m.

CDR,bio,

and the atmospheric CO2 captured via s-DAC, m.
CO2,DAC. The CDR 

attained via the PCC unit depends on the biogenic share of the fuel, such 
that: 

ṁCDR,PCC(t) = ṁCO2,PCC(t)*BS (9) 

where the total amount of CO2 captured via PCC, (ṁCO2,PCC), is calcu-
lated based on the fuel feeding rate, its carbon content (CC), and the 
constant capture rate (CR) to capture 90 % of the generated CO2: 

ṁCO2,PCC(t) = ṁfuel(t)*CC*CR*
MCO2

Mc
(10) 

Note that the fossil emissions captured via PCC are added to the 
objective function for optimization [Eq. (4)] in the form of avoided CO2 
tax. The heat and electricity requirements of the PCC unit are calculated 
based on the mass flow of captured CO2 (ṁCCS), as follows: 

QPCC(t) = ṁCO2,PCC(t)*QCCS (11) 

Table 1 
Summary of the s-DAC, PCC, and heat pump data and assumptions used in this 
work.

Comment/References

s-DAC
Electricity requirement 500 kWh/ 

tCO2

Long-term estimates for Climeworks s- 
DAC technology [8]

Heat requirement 1500 kWh/ 
tCO2

Minimum temperature 
difference ΔTmin 

between the 
adsorbent bed and 
heating medium

10 ◦C [31]

Liquid CO2 

specifications
16 bar, 
− 26.5 ◦C

Adopted from the Northern Lights 
project [32]

CO2 capture and conditioning units
CO2 capture rate (90 %) 90 Constant design parameter
Lean solvent 

composition (wt.% 
MEA in H2O)

30 Benchmark monoethanolamine (MEA) 
solvent.

Minimum temperature 
difference in heat 
exchangers and 
stripper reboiler (◦C)

10, 5 Assumed

Recoverable heat 
between 50 and 90 ◦C 
(MJ/kgCO2)

0.58 Estimated from ACLC in Ref. [33] for 
recoverable heat between 47–86 ◦C and 
30–47 ◦C, respectively.

Recoverable heat 
between 30 and 50 ◦C 
(MJ/kgCO2)

0.61

Heat pumps (LT & HT)
Temperature 

lift
LTHP 80 ◦C Estimated assuming a minimum 

temperature difference of 10 ◦C in the 
heat exchangers of the heat pumps

HTHP 20 ◦C

Heat sink LTHP 50◦–90 ◦C Warm water supply and target 
temperatures through the LTHP 
condenser.

HTHP 90◦–100 ◦C Hot water supply and target 
temperatures through the HTHP 
condenser

Heat source LTHP 30 ◦C Ambient temperatures + ΔTmin

HTHP 100 ◦C Low-pressure steam (1.03 bar) 
extracted from the turbine

Carnot efficiency 0.45 Assumption

NCF=
∑8760

t=1

[

Cneg*Δ̇mCDR(t)+CEU− ETS*Δ̇mCO2 ,fossil(t) − CDH(t)*ΔQDH − CP(t)ΔPnet − Cfuel*Δṁfuel(t) −
∑

units
fixed Opexunits

]

−
∑

units

(
Cinv

unit*sunit
)
/

ANF (4) 
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PPCC,tot(t) = ṁCO2,PCC(t)*(PPCC + PC&L) (12) 

The operation of the s-DAC is driven by electricity from the CHP 
plant and available heat, with the latter representing a constraint, given 
that it is limited by the energy available in the hot water at the s-DAC 
inlet. This available heat is expressed as the sum of the HTHP output and 
the net heat output of the CHP plant after PCC: 

QDAC(t) ≤
(
Qnet ,CHP(t) + Qout,HTHP(t)

)
*

ΔTDAC

TDH,in − TDH,out
(13) 

where the heat output of the HTHP is comprised of three parts: mid-level 
heat recovered and sent to the HTHP 

(
Qmid,HTHP

)
, the part of the LTHP 

heat output that is upgraded via the HTHP 
(
QLTHP,HTHP

)
,

and the heat produced by the HTHP (QHTHP): 

Qout,HTHP(t) = QLTHP,HTHP(t) + Qmid,HTHP(t) + QHTHP(t) (14) 

with the heat production required from HTHP being determined based 
on temperature differences: 

QHTHP(t) = QLTHP,HTHP(t)*
ΔTHTHP

ΔT LTHP
+ Qmid,HTHP(t)*

ΔT HTHP

ΔT Hx
(15) 

The heat provided to the DH network, QDH(h), is calculated as the 
sum of the heat that is directly extracted from the CHP plant, the Qnet ,CHP, 
the QLTHP,DH ,the Qmid,DH and the QHTHP (see Fig. 1), as expressed by Eq. 
(16). It should be noted that all the cases considered with carbon capture 
lead to a reduced heat supply from the CHP plant to the DH network, as 
compared with the case without PCC. That is, with heat extraction to 
drive the PCC, the CHP plant is not able to provide the same amount of 
heat after PCC and integration as before their integration. Still, the heat 
output profile of the reference CHP plant is used as the heat demand 
profile for the CHP-PCC-DAC to incentivize the supply of heat.

Moreover, the model assumes a constant heat supply temperature. 
Thus:  

The amount of mid-temperature (50◦–90 ◦C) heat recovered and fed 

directly to DH (Qmid, DH) is determined based on the low-temperature 
(30◦–50 ◦C) heat recovered from the PCC unit and fed directly to DH 
(QLTHP_DH): 

Qmid(t) = Qmid,DH(t) + Qmid,HTHP(t) (17) 

QLTHP(t) = QLTHP,DH(t) + QLTHP,HTHP(t) (18) 

The s-DAC heat and electricity demands are expressed as: 

QDAC,tot(t) = ṁCO2 ,DAC(t)*QDAC (19) 

PDAC,tot(t) = ṁCO2 ,DAC(t)*(PDAC + PC&L) (20) 

The installed capacity of the s-DAC unit is a float number rather than 
an integer. Commonly, the installed capacity of the s-DAC is calculated 
as the capacity per module multiplied by the number of modules. Here, 
it is assumed that modules can be designed for different capacities.

3.4. Case study

The case study was used a reference waste-CHP plant with a thermal 
input capacity of 167 MWth (based on Västerås Unit 6, in the city of 
Västerås, Sweden, and detailed in Ref. [6]), which is representative of a 
typical large CHP plant in Sweden [34]. The electricity prices were taken 
from southern Sweden (price region SE3 during Year 2022, with a yearly 
average of 129 €/MWh). District heating prices were the average 
monthly prices that waste CHP receives for supplying heat, and they are 
taken from a representative municipality, also in southern Sweden, with 
a yearly average of 10.26 €/MWh [7]. The initial parameters for 
assessing the net cash flow of the CHP plant before retrofit are presented 
in Table 2.

To provide insights into the roles of the different parameters, a 
sensitivity analysis was conducted for the six key parameters listed in 
Table 3:i) the fuel type, impacting the share of biogenic CO2 captured, 
CHP heat and electric efficiencies and, therefore, the availability of heat 
for s-DAC; ii) the DH demand profile, impacting the operational hours of 
the plant and, consequently, the return on investment; iii) the heat price, 

impacting the cost-effectiveness of the heat pumps in recovering heat 
from the PCC unit. A large range of heat prices are considered here 
between − 50 % and +100 % with and an additional case of 900 % 

Table 2 
Initial parameters for assessing the net cash flow of the CHP plant before retrofit.

Parameters Description Comments/References

CapB Boiler capacity 167 MW based on Västerås Unit 6, 
Västerås, Sweden

CP Price of electricity Hourly time series for southern Sweden 
(SE3) in Year 2022 (average of 129 
€/MWh)

CDH Price of DH Monthly averages for a network in 
southern Sweden (year average of 10.26 
€/MWh)

Cfuel Fuel price 26.2 €/MWh (biomass), − 7.7 €/MWh 
(waste) [35]

CC Fuel carbon content on 
weight basis

33.9 wt% for waste and 33.5 wt% for 
biomass [36]

BS Biogenic share of the 
fuel carbon content

100 % and 52 % for biomass and waste, 
respectively [6,7]

LHV Fuel Lower heating 
value

11.37 MJ/kg (biomass), 12.13 MJ/kg 
(waste) [36]

ηQ,CHP CHP heat efficiency, 
LHV basis

71.3 %

ηp,CHP CHP electric efficiency, 
LHV basis

24.6 %

Table 3 
Sensitivity analysis parameters.

Parameters Values Reference/Comment

Heat price − 50 %, +50 %, 
+100 %, +900 %

Profile in southern Sweden (average, 
10.26 €/MWh)

Electricity price 
value

±30 % Profile in southern Sweden (SE3) in Year 
2022 (average, 129 €/MWh)

Electricity price 
volatility

Low/High Low: the predicted electricity price profile 
in Year 2050 in northern Sweden (SE1) 
[38] 
High: the predicted electricity price 
profile in Year 2050 in southern Sweden 
(SE4) [38]

Operational 
hours

Waste-fired CHP: heat profile of waste-fired CHP with 8000 full- 
load hours/year biomass-fired CHP plant: heat profile of the 
biomass-fired CHP plant with 4500 full-load hours/year

Fuel type Biomass/Municipal solid waste (base case)
Specific CAPEX 

(s-DAC)
8, 24, 70 M€/ 
tCO2.h

24 M€/tCO2 is the base case. The values 
represent the current (upper-bound) and 
future cost (lower-bound) estimates 
(Young et al., 2023b)

QDH(t) = min
(
QDH,dem(t),Qnet ,CHP(t) + QLTHP,DH(t) + Qmid,DH(t) + QHTHP(t)

)
(16),
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higher price of heat (a value close to consumer prices) is also considered 
as representative price for load following district heating plants in 
Sweden. iv) the electricity price; v) electricity price volatility, which 
impacts the operational cost of producing each of the plant’s outputs and 
characterize different future energy systems (e.g., where greater pene-
tration of variable renewable electricity implies higher price volatility 
[37]); and vi) the s-DAC-specific CAPEX, which is expected to have a 
strong impact on the economics of the system while being highly 
uncertain.

Given the parameters listed in Tables 1 and 2, the calculated hourly 
NCF, of the reference (i.e., waste-fired) case before the addition of PCC 
and s-DAC is depicted in Fig. 3. Electricity sales constitute a large share 
(68.3 %) of the NCF due to the relatively high prices for the electricity 
used.

4. Results and discussion

First the results with the calculated CO2 prices that ensure the eco-
nomic feasibility of the integrated plant with maximized carbon dioxide 
removal of the CHP-PCC-DAC system is presented for a scenario where 
the goal is maximized carbon removal rather than economic profit. 
Thereafter, the results of the economic optimization of the process 
design and operation are presented, alongside a sensitivity analysis of 
the six main operational parameters with regards to the amount of 
carbon dioxide removed.

4.1. Maximized carbon dioxide removal: break-even price of CDR credit

In this subsection, it is assumed that the principle guiding the retrofit 
is maximized carbon removal via s-DAC rather than optimization of the 
economic aspect of the retrofit. Thus, the s-DAC module is sized to the 
maximum available heat at 100 ◦C for s-DAC, i.e., the sensible heat from 
DH water temperature ranging from 100 ◦C to 90 ◦C (as shown in Fig. 1). 
Table 4 presents the maximum carbon removal potential via s-DAC for 
each heat recovery scenario. For the full heat recovery potential, there 

will be no net electricity generation from the CHP plant, as all of the 
electricity will be consumed internally, i.e., the system delivers only 
carbon dioxide removal and DH, and the boiler load follows the heat 
demand curve. Table 5 presents the break-even prices for CDR credit 
that would ensure the economic feasibility of the CHP-PCC-DAC system 
sized for maximum carbon removal.

As presented in Table 5, although the Full heat recovery scenario 
removes more CO2 from the air (given that the potential for s-DAC is 
limited by heat availability) and generates higher revenues due to 
capturing more CO2 than the No heat recovery scenario, it has a higher 
break-even price than the other two heat recovery scenarios. This is due 
to the high investment costs for the large LTHPs required for the re-
covery of heat at temperatures between 30 ◦C and 50 ◦C. Furthermore, 
the break-even CDR prices for the DAC-PCC retrofit of the CHP plant are 
much lower than those for the s-DAC retrofit of the CHP-PCC plant. This 
can be explained by the substantial addition of carbon removal from the 
PCC to the NCF which entails a much lower cost compared to carbon 

Fig. 3. Hourly NCF levels from heat and electricity sales of the reference CHP 
plant before PCC and s-DAC integration. Note that the two time periods without 
production correspond to maintenance shutdowns.

Table 4 
Maximum atmospheric CDR potential for the different heat recovery scenarios. 
The corresponding value for biogenic CDR is 162.7 ktCO2/y for all the heat 
recovery scenarios.

Heat recovery scenario

No heat 
recovery

Mid-level heat 
recovery

Full heat 
recovery

Maximum CDR potential via 
s-DAC (ktCO2/y)

74.8 102 158.1

Table 5 
Break-even prices of CDR credits required to ensure economic feasibility of the 
CHP-PCC-DAC system sized for maximum carbon removal.

Breakeven prices 
(€/tCO2)

Heat recovery scenario

Retrofit cases No heat 
recovery

Mid-level heat 
recovery

Full heat 
recovery

DAC-PCC retrofit of the 
CHP plant

279 312 405

DAC retrofit of the CHP- 
PCC plant

620 592 685

Fig. 4. Cumulative net cash flow over the project lifetime of the proposed CHP- 
PCC-DAC system for the s-DAC retrofit of the CHP-PCC plant, without heat 
recovery. The black lines indicate the CDR credit prices. The red curve indicates 
the break-even CDR.

Table 6 
Summary of the economic and technical parameters for the optimization model.

Parameters Description Comments/References

CCDR CDR credit price In the range of 100–1000 €/tCO2

CEU-ETS Cost of emitting fossil-based 
emissions

62 €/tCO2, annual average EU-ETS 
price in Year 2022. Note that this is a 
conservative value, representing 
roughly half of Sweden’s carbon tax of 
132 €/tCO2 [39]

CDAC Specific investment cost 24 M€/tCO2 installed capacity [40]
ṁsorbent Sorbent consumption 7.5 kg/tCO2 [8]
Csorbent Sorbent price 7000 €/t [40]
QHTHP,evap Steam bleed as heat source 

for the evaporator of HTHP
6.5 MW derived from the Ebsilon 
model

ANF Annualization factor 9.82, assuming a discount rate of 8 % 
and a design plant lifetime of 20 years, 
excluding 3 years for construction.
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removal from s-DAC but is still sold at the same CDR price. This increases 
the overall CDR profit margins and results in a lower break-even CDR 
price.

Fig. 4 shows the results of the cumulative cash flow analysis for the s- 
DAC retrofit of the CHP-PCC case, for the No heat recovery scenario. The 
cumulative cash flow is plotted against the designed plant lifetime (from 
construction to the end of life, here taken as 20 years) for varying CDR 
credit prices (ranging from 400 €/tCO2 to 700 €/tCO2). For the case 
plotted, investing in the retrofit will achieve a positive cumulative cash 
flow for CDR credit prices >620 €/tCO2 (see also Table 5). Equal values 
for inflation and discount rates are assumed (which results in linear 
trends, in contrast to the curves obtained when applying a discount rate 
that is higher than the inflation rate, which would yield higher break- 
even CDR credit prices).

4.2. Maximized net cash flow: optimal system sizing and operation

The model was run over one full year of operation with a temporal 
resolution of 1 h for electricity price, heat price, and heat demand pre-
sented in Table 2. The additional specifications of the main parameters 
in the model required for optimizing the net cash flow of the plant after 
the retrofit are presented in Table 6.

In this subsection, the system is designed to operate according to the 
principle of maximized net cash flow. For this, the case in which the 
CHP-PCC (waste-fired throughout this subsection) is retrofitted with the 
addition of a s-DAC is in focus. The PCC unit is sized to capture 90 % of 
the CO2 in the flue gas, and the s-DAC unit is sized to maximize the NCF. 
The CDR credit price for the base case is assumed to be 615 €/tCO2, 
which results from summing 550 €/tCO2 (the maximum value of the cost 
projected for CDR via s-DAC [26]) and 65 €/tCO2 (the cost for trans-
portation and sequestration).

The results show that under economically optimal retrofit and 
operation 110.7 ktCO2 are removed via s-DAC and 207.2 ktCO2 via PCC 
annually. Although s-DAC is responsible for around 35 % of the total 
carbon removal, it does not have the same share of the NCF from CDR 
credit sales due to the associated high investment and operational costs.

Fig. 5 shows the load level of the boiler and district heating output 
for both CHP plant and CHP-PCC-DAC system. As seen, while the 
reference CHP plant can meet the DH demand by continuously adapting 
its load, the retrofitted CHP-PCC-DAC system most often does not meet 
the reference DH demand in a cost-effective way (mainly due to the heat 
needed to power the PCC unit). Thus, even though the PCC-DAC- 
retrofitted plant operates at full load for most of the year (as shown in 
Fig. 5), it delivers 13 % less heat to the DH network compared with the 

reference CHP plant. This impacts the utilization rate (i.e., the ratio of 
full-load equivalent hours in a year to the total hours in a year) of the 
plant, which increases from 0.73 for the original reference CHP plant to 
0.91 for the CHP-PCC-DAC system. From the results regarding the NCF 
levels of the plant (Fig. 5), integration of PCC into the CHP plant would 
increase the utilization rate of the CHP-PCC-DAC. However, it also im-
plies that more biogenic carbon is combusted, captured and stored, 
instead of being used for other purposes.

Fig. 6 shows the time-resolved NCF levels from each product (sales of 
heat, electricity, and CO2 captured by PCC and s-DAC). It is evident that 
although the CHP-PCC-DAC system still operates to provide DH, the 
main revenue streams are distributed on a yearly basis as according to: 
CO2 captured from the flue gas (66.1 %); CO2 captured through s-DAC 
(12 %); electricity (15.4 %); and DH (6.3 %). These values are compared 
to the revenues before the retrofit shown in Fig. 3. It should be noted that 
the higher NCF share from electricity compared to that from heat is due 
to the relatively high electricity prices in Year 2022 for southern Sweden 
(averaging 129 €/MWh). Moreover, it is worth noting in Fig. 6 the red 
spikes related to momentary peaks in electricity prices. In addition, the 
weak contribution of DH NCF is due to the relatively lower prices of heat 
compared to the carbon removal price. This result highlights that the 
business case for CHP plants might change towards having CDR via 
capturing biogenic carbon dioxide as the main product in the future, 
rather than supplying heat and electricity. This may raise concerns 
regarding the efficient use of biomass, which needs to be addressed at 
the policy level and is beyond the scope of this work.

For the base case reported in Fig. 6, the utilization rate of the s-DAC 
system is 90.4 %, while that of the CHP plant is 91.9 %, indicating that 

Fig. 5. a) Boiler load levels over the year for the Reference CHP plant and for the CHP-PCC-DAC plant following the DAC-PCC retrofit of the CHP plant. b) Amounts 
of heat supplied to the district heating network over the year, before (Reference CHP) and after integration of the PCC and s-DAC (CHP-PCC-DAC).

Fig. 6. The shares of optimized hourly NCF for each product from the CHP- 
PCC-DAC system (base case): CO2 captured from the flue gas (66.1 %), CDR 
via s-DAC (12 %), district heating (6.3 %), and electricity (15.4 %).
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CDR is the most-valuable product most of the time, except for hours with 
very high electricity prices (>550 €/MWh).

Fig. 7 shows the following consumption shares of the total electricity 
generated for the base case: s-DAC (22.1 %), PCC (17.2 %), and HTHP 
(0.7 %), leaving a share of 60 % available for sale. Thus, the net power 
output of the CHP–PCC–DAC system is reduced by 37 % compared to the 
CHP-only case.

The potential for CDR via s-DAC is always limited by the availability 
of heat in the plant and not by the availability of electricity (as seen from 
the net electricity sales throughout the year in Fig. 7), as it is not cost- 
effective for the plant to meet the demand during most of the year. 
Additionally, it is not allowed to operate at a higher load than that 
required to meet the district heating (DH) demand.

The results of this work align with conclusions in previous literature 
on integrating s-DAC and PCC into natural gas combined cycle: an in-
crease in the base load and profit of the plant for scenarios with high CO2 
price [20]. However, the current study reveals further benefits from 
using the district heating at lower temperatures instead of the steam in 
power cycles, which results in larger installed capacities of DAC.

At any given time, the amount of heat that is available for recovery 
depends on the DH demand, since the DH demand determines the fuel 
consumption rate, which in turn determines the amount of CO2 that is 
captured via PCC and, thus, the recoverable excess heat. For the base 

case, LTHP is not economically feasible according to the model results, 
as the revenues from DH deliveries cannot justify the investment and 
operational costs in the base case. However, the model results suggest 
recovering the heat available at temperatures in the range of 50◦–90 ◦C 
(due to the lower specific investment cost for the HTHP that follows 
from its higher COP: 8.62). Investment in LTHP is shown to be attractive 
only at lower electricity prices or higher heat prices (<150 €/MWh, 
which is the price for around 5700 h in the modeled year and a 100 % 
higher heat price). Under these conditions, larger s-DAC units would be 
installed (thereby allowing higher rates of CO2 removal via s-DAC), and 
the heat output of the plant would increase. Such an increase would 
compensate for the lower revenue from electricity sales and the high 
investment costs for LTHP and s-DAC.

4.3. Sensitivity analysis: impact on carbon removal

Fig. 8 illustrates the results from the sensitivity analysis of five of the 
six key parameters; the sixth parameter (s-DAC investment costs) is 
discussed in the text. Please refer to Table 3 for the list of parameters. 
Overall, the values for the overall carbon removal potential from the 
entire system (CHP-PCC-DAC) are in the range of 106–515 ktCO2/y. 
Below, the impacts of the six key parameters are discussed.

The operation of the boiler at 8000 full-load hours per year results in 

Fig. 7. Consumption shares of the electricity generated in the CHP-PCC-DAC plant for s-DAC (22.1 %), PCC (17.2 %), HTHP (0.7 %), and net electricity generation 
(60 %).

Fig. 8. The sensitivity of the annual CDR to variations in five key parameters for the CHP-PCC-DAC system. Data tags for each column represent the respective 
change of the sensitivity parameter given in each section.
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similar levels of fuel consumption in most of the sensitivity cases. 
Therefore, similar levels of biogenic CDR (208.3ktCO2/y), while the 
maximum possible amount of atmospheric CO2 removal, according to 
the optimization results, is 122.7 ktCO2/y, which is attained in the case 
with the low electricity price.

As the price of heat increases, the amount of atmospheric CDR de-
clines, although more heat is recovered from the PCC unit via the LTHP. 
This indicates that the supply of heat recovered via LTHP to DH for sales 
is prioritized over upgrading the LTHP heat via the HTHP, with subse-
quent use in s-DAC for carbon removal. At 100 % higher heat prices, the 
system will choose to install LTHP if electricity prices are <150 €/MWh. 
The heat produced by the LTHP will be supplied directly to DH unless 
heat from the LTHP is required for full-load operation of s-DAC. At 900 
% higher heat price, - representative for load-following plants in Sweden 
- larger LTHP capacity would be installed. However, the heat from LTHP 
in that case would only be supplied to the district heating system to 
exploit the higher profit margins and thus would not be upgraded for 
further use in the s-DAC unit.

The results also show that lower electricity prices increase the cost- 
optimal amount of total CDR. This is due to the reduction in the oper-
ational cost of the s-DAC system and the HTHP, which provides more 
heat for s-DAC, thereby increasing the NCF. On the other hand, although 
the optimum amount of atmospheric CDR does not show any changes in 
volatility of electricity prices, a higher capacity of s-DAC will be installed 
than in cases with lower electricity price volatility. This indicates that at 
higher electricity price volatility, the system installs a higher s-DAC 
capacity but operates it for fewer hours, and vice versa.

Furthermore, with fewer operational hours (4500 h/y), investing in 
s-DAC becomes uneconomical (at a CDR credit of 615 €/tCO2). For this 
reason, CHP plants operating in an intermediate-load role would require 
higher CO2 prices to ensure that the s-DAC integration proposed in this 
work is economically feasible. The number of operational hours appears 
to have the highest impact on if the DAC integration to CHP plants will 
be economically feasible or not. Note that although the CDR potential of 
the CHP-PCC-DAC system is constrained by the number of DH demand 
hours, it is crucial for the CHP-PCC-DAC system to be profitable. 
Therefore, the modeling shows that integration of DAC in the CHP plant 
will be economically feasible for a very large range of price development 
as long as the plant stay operational during a larger share of the year. 
Considering the sensitivity results on operational hours and heat price 
development, such integration would be more suitable for base load 
plant than for a load following plants.

The biomass-fired CHP plant considered in this work has a lower heat 
efficiency than the waste-fired CHP plant considered (see Table 2), and 
this leads to lower amounts of heat being available for the s-DAC system. 
However, the change in atmospheric CDR is negligible, and almost equal 
to that of the waste-fired CHP plant. On the other hand, as the fuel 
changes from waste to biomass there is a substantial increase in the total 
amount of CDR achieved (captured from the flue gas) due to the higher 
biogenic content of biomass compared to waste.

Another key parameter affecting the optimal s-DAC capacity is its 
specific investment cost, which—together with electricity and CDR 
credit prices—determines the NCF of the integrated DAC unit. The 
minimum CDR price at which the model chooses to install s-DAC with 
low capacity is determined for two cases: i) a minimum projected in-
vestment cost for s-DAC at 8 M€/tCO2 installed capacity; and ii) a 
maximum predicted investment cost for s-DAC at 70 M€/tCO2 installed 
capacity. For a specific investment cost of 8 M€/tCO2 installed capacity, 
s-DAC starts to appear in the optimal solution at a CDR credit price of 
215 €/tCO2. The corresponding value when considering investment cost 
estimations of 70 M€/tCO2 installed capacity is 940 €/tCO2.

The base case optimization shows that atmospheric CDR corresponds 
to 82 kg CO2 per MWh of fuel combusted. At a CDR credit price of 615 
€/tCO2, this would be equivalent to 50.4€/MWh of heat generated by the 
boiler for CDR credit generated via s-DAC. The corresponding values for 
heat and electricity are 5 €/MWh and 55.8 €/MWh, respectively, for the 

base case. This would make atmospheric CDR the intermediate product 
from the NCF point of view. However, including biogenic CDR increases 
the value to 145 €/MWh (equivalent to 237 kg CO2 per MWh of fuel 
combusted), which makes CDR the most revenue generating product of 
the plant. Given the full freedom of plant operation, the plant would thus 
only operate for CDR.

In countries such as Sweden, where CHP plants delivering DH play a 
major role in the energy system, this scheme can be significant in terms 
of achieving the national target for CDR. Thus, considering the average 
82 kg of carbon removal per MWh of fuel combusted, approximately 3.3 
Mt of CDR can be achieved annually via s-DAC from the CHP-PCC-DAC 
system if s-DAC is retrofitted to existing CHP plants with thermal ca-
pacities above 50 MWth in Sweden. Of course, this implies a reduction in 
the amount of heat supplied to the DH networks, which needs to be 
compensated, either by reduced heat demands through energy efficiency 
measures in the building stock or by increasing the supply from other 
heat sources, such as industrial waste heat, electrical boilers and heat 
pumps.

4.4. Limitations

Four main limitations in the present work should be mentioned: i) 
the model is based solely on the closure of energy balances, assuming 
that mass balances, i.e. mass flows, can be adjusted accordingly to satisfy 
the energy balances, ii) the temperature levels of the DH and DAC sys-
tems are assumed to remain constant throughout the year, iii) the effi-
ciency of the CHP plant is assumed to remain constant across different 
load levels, and iv) the technoeconomic analysis is carried out assuming 
that the CHP plant would remain operational over the lifetime of new 
equipment installations. It should be noted that although the DAC unit 
can operate standalone, it will also require to use electricity from grid 
with a certain carbon footprint, rather than carbon neutral energy 
supply from the CHP-PCC plant, i.e. this reduces the carbon removal 
efficiency of the DAC.

Future research should aim to develop a more detailed representa-
tion of the integrated system, incorporating mass balance considerations 
and accounting for the time-varying operation of the CHP, PCC and DAC 
processes throughout the year. This would enable a refined study of the 
integration concept presented in this work. Future research can also 
move towards using the presented framework for assessing the scale of 
possible DAC integration at industrial sites where waste heat is available 
for s-DAC operation.

5. Conclusions

A scheme for the integration of s-DAC into CHP plants equipped with 
post-combustion capture is proposed (CHP-PCC-DAC), using a Swedish 
167-MWth CHP plant as reference. The scheme provides DH plants with 
the opportunity to increase the plant’s total capture and, depending on 
the value of CDR credit prices, it offers increased NCF from providing 
CDR, as well as progression towards meeting climate goals.

For the reference plant, it is found that the CHP-PCC-DAC scheme is 
economically feasible under the different scenarios considered in the 
sensitivity analysis for CDR credit prices in the range of 279–685 
€/tCO2. Values in this range are notably lower than current CDR credit 
prices in the voluntary market (>1000 €/tCO2). These values were 
calculated by assuming conservative values for the electricity price and 
specific investment costs for low-temperature and high-temperature 
heat pumps, PCC, and s-DAC units. Therefore, it can be concluded that 
CHP plants connected to a DH network are suitable locations for 
installing s-DAC, as an alternative to locating s-DAC next to storage sites. 
Entering the new market for CDR credits, which could constitute a large 
share of the plant’s NCF based on the CDR credit price, would allow for 
enhanced exploitation of the existing CHP infrastructure and provide 
opportunities for new operational strategies for the CHP plant, which 
are currently constrained by the seasonal variations of the DH demand.
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The results from the optimization model reveal that the operational 
parameters that will most strongly favor atmospheric CDR in the pro-
posed system are lower electricity prices and a higher number of oper-
ational hours for the plant. In contrast, the installed capacity and total 
atmospheric CDR of the proposed scheme are less sensitive to fuel type, 
electricity price volatility, and heat price. Furthermore, the capital cost 
of s-DAC would be directly related to the installed capacity of s-DAC in 
the optimal solution. The results also highlight the potential for 
achieving high levels of CDR through retrofit of existing large-scale CHP 
plants connected to district heating networks, which would facilitate the 
achievement of CDR targets.
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Nomenclature

Abbreviations
ACLC Actual cooling load curves
ANF Annualization factor
bio-CCS Biomass combustion with carbon capture and storage
BS Share of biogenic carbon in fuel
Cap Capacity of the plant
CAPEX Capital expenditure
CC Carbon content
CCS Carbon capture and storage
CDR Carbon dioxide removal
CHP Combined heat and power
CHP-PCC Combined heat and power plant equipped with CCS
CHP-PCC-DAC Combined heat and power plant equipped with post- 

combustion capture and integrated with direct air capture
COP Coefficient of performance
CR Capture rate
DAC Direct air capture
DH District heating
EU-ETS European Union Emissions Trading System
FGC Flue gas condenser
HHV Higher heating value

HTHP High-temperature heat pump
LP Linear programming
LHV Lower heating value
LTHP Low-temperature heat pump
MEA Monoethanolamine
NGCC Natural gas combined cycle
NCF Net cash flow
NPV Net present value
PCC Post-combustion capture
s-DAC Solid sorbent direct air capture

Symbols
C Cost/price (€)
Ci

inv investment cost in technology i (€)
CP Specific heat capacity (J/Kg.K)
h hour
ṁ mass flow (t/h)
M molecular weight (kg/kmol)
P power (MW)
Q heat (MW)
s installed capacity (MW)
T temperature (K)
t time (year)
Δ difference

Subscripts and superscripts
B boiler
c Carbon
Carnot carnot
C&L Compression and liquefaction
CDR Carbon dioxide removal
Cond Condenser
dem Demand
Evap Evaporator
FGC Flue gas condenser
Fossil emissions with fossil origins
Fuel Fuel
gen Total generated
HX Heat exchanger
HP Heat pump
i Technology in the set of technologies I
in Inlet
inv Investment
Lift Lift temperature in HP
Mid Middle level temperature
min Minimum
neg Negative emissions
net net
Out Outlet
Sink Heat sink in HP
Sorbent solid sorbent
Supply supply
Target target
Tot Total
WF working fluid

Greek letters
η efficiency (%)

Data availability

Data will be made available on request.
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