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Abstract:

The most severe reason for global warming is the release of anthropogenic CO, emissions to the atmosphere.
One way to mitigate these emissions is to capture CO, directly at an emitting source using carbon capture
technologies. An important process in the carbon capture value chain is to condition the captured CO. to
the following transportation. In this study, a system for liquefaction and purification of CO; is of focus and an
exergoeconomic analysis is made. In the system, CO, is compressed through two-stage compression with
intercooling, while water condensate is removed. The liquefaction is performed using an external two-stage
refrigeration cycle. The compressors were found to be the greatest source of exergy destruction and were the
greatest cost contributors. An overall exergy efficiency of 39 % was found and it was seen that 13 % of the fuel
supplied was lost in external coolers. To improve the system and utilise the exergy loss, two configurations for
district heat integration were investigated. It was found to increase the exergy efficiency to 45 % and 50 %,
respectively, depending on the configuration. Integration of district heating in the intercoolers could be made
without additional costs for the system. A cost increase of the overall system of 11 % was seen when the heat
discharged in the refrigeration cycle was also utilised for district heat production. This shows that there is a
potential for utilising the waste heat from the system and adding revenue from district heat sales.

Keywords:

CO;, liquefaction and purification; CO, conditioning; District heat integration; Exergoeconomic analysis; Ther-
moeconomic analysis.

1. Introduction

In 2016, anthropogenic CO, emissions accounted for 75 % of the total greenhouse gas emissions in the
world [1]. Some of the sectors responsible for the majority of the CO, emissions are the electricity and heating
sector and the manufacturing and construction sector accounting for 41 % and 17 %, respectively. Carbon
capture technologies are expected to play an important role in reducing emissions from these sectors, as the
technology allows for continuous utilisation of existing fossil-based facilities and can provide deep emission
reductions that are difficult to mitigate with technological advances (e.g. for production of iron, steel, cement,
and various chemicals) [2]. Furthermore, the technology can be used to achieve negative emissions by cap-
turing and storing CO. from biogenic sources. A capture capacity of 7.6 Gt CO, per year is expected in 2050
[3], of which only 0.5 % was realised in 2021 [4]. This indicates that all process steps of the carbon capture
value chain must be scaled up and become more cost-effective to reach the required capacity. The focus of
this study is the liquefaction and purification process, which ensures that captured CO, is conditioned to the
correct state and quality before transport. The process is highlighted in the carbon capture value chain in
Fig. 1. The conditioning process accounts for between 20 % and 70 % of the costs when also considering
the following transportation [5, 6, 7]. Therefore, an improvement of this process step can potentially have a
significant influence on the overall costs.

The captured CO:s is typically in a gaseous state after separation. To reduce the cost of transportation, the
density can be increased. This can be achieved in the conditioning process by increasing the pressure or
decreasing the temperature of CO,. In the food and beverage industry today, CO, is transported in a liquid
state at 15 bar and -30 °C [8]. Furthermore, impurities such as water, volatiles, and incondensable gasses
could be removed before transportation [9].

Several studies have compared different layouts of the liquefaction and purification system on energy [10, 11]
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Figure 1: Position of the liquefaction and purification process in the carbon capture value chain.

and economic [12, 13] performance parameters when different requirements for the end-state of CO, exist. Ata
delivery pressure of 15 bar, a system with an external refrigeration cycle generally shows the best performance.
The effects of impurities and final quality requirement are investigated by Deng et al. [8], they find that the
process costs increase when impurities in the source increase at lower delivery pressures. Aspelund and
Jordal [9] investigate the effects of impurities and pressure level of the CO, feed gas. They find that a decrease
in the inlet pressure and an increase in impurities increase power consumption. Energy, exergy, and economic
analyses have been performed on different layouts of a CO, liquefaction system by Chen and Morosuk [14],
showing that the majority of the exergy destruction (>80 %) occurs in coolers and compressors and that it is
equally distributed between these two types of components. The highest exergy efficiency of 67 % was found
for a system with an external refrigeration cycle. An exergoeconomic analysis was made on a liquefaction
system using an absorption refrigeration cycle by Aliyon et al. [15] having an exergy efficiency of 86 % with
heat exchangers showing the highest cost improvement potential. Exergy analyses have also been performed
on liquefaction systems by Muhammad et al. [16, 17] resulting in total exergy efficiencies of 68 % and 56 %,
respectively. It is seen that the highest exergy destruction occurs during compression of the captured CO, and
that potential for utilisation of heat from intercooling exists. Itis of interest to determine where cost inefficiencies
exist in a liquefaction system using an external refrigeration cycle to deliver purified liquid CO, at 15 bar, and
whether it is possible to recover heat through the integration of district heat (DH) production. Therefore, an
exergoeconomic analysis of a liquefaction and purification system was made in the present study. It was
investigated which components were of most importance for the overall costs of the system and whether
thermodynamic inefficiencies or capital expenses were dominating sources of costs. The potential of DH
integration was evaluated to determine the economic benefit for the system.

2. Methods
2.1. System description

A process flow diagram of the baseline liquefaction and purification system is illustrated in Fig. 2. The CO,
product stream is compressed through two-stage compression (COMP) with intercooling (COOL). During in-
tercooling, the remains of water in the captured CO, are condensed and removed in gas-liquid separators
(SEP). The compressed and purified CO; is then liquefied in a heat exchanger (LIQHEX) which works as the
evaporator of an external transcritical CO; refrigeration cycle. Finally, the liquid CO is pumped to the trans-
port pressure. The incoming mass flow rate of 1.8 th™! of gaseous CO, was at 40 °C and 1.7 bar containing
4.3 %(mol) water. Remaining impurities were neglected. The system should deliver liquid CO, at 15 bar and
2 K subcooling, and the liquefaction was set to occur at 14.5 bar. In the baseline system, cooling water was
heated from 20 °C to 70 °C in the intercoolers, while air was heated from 15 °C to 40 °C in the gascooler (GC).
DH was integrated in two alternative ways; in all intercoolers and the gascooler (COOL1, COOL2, COOLS,
and GC), and only in intercoolers (COOL1, COOL2, and COOL3). DH water was assumed to be heated from
35 °C to 70 °C. The high pressure in the refrigeration cycle was optimised to the temperature of the available
cooling media through cost minimisation. The optimal pressure with air as cooling media in the GC was 75 bar,
while the optimal pressure was 110 bar when DH was integrated in the GC. In two-stage compression, the
same pressure ratio was applied for each stage, and the intermediate pressure levels (pi,;) were given by:

Pint = v/Plow * Prigh [18].
2.2. Energy analysis

The system was modelled in steady state by applying mass and energy balances to control volumes for all
components. Pressure and heat losses were neglected in pipelines, heat exchangers, and separators. The
model was implemented in Engineering Equation Solver [19], and the thermodynamic properties of the CO»
stream with water impurities were determined using Dalton’s law and an ideal gas mixture assumption.
Reciprocating compressors were used in the system and were modelled using a heat loss factor, an isentropic
efficiency (ns), and a volumetric efficiency (nvo1). A heat loss factor of 3 % was applied and defined as the ratio
of the compressor heat loss to the supplied compressor power. The estimated efficiencies for compressors
and pump are presented in Table 1.

The heat exchangers were modelled with a minimum temperature approach of 5 K' and a constant overall heat
transfer coefficient (U), as shown in Table 2.
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Figure 2: Process flow diagram of the baseline liquefaction and purification system.

Table 1: Assumed efficiencies. Component names refer to Fig. 2.

Component ns [%] Tvot [%]
COMP1, COMP2 65 80
COMP3, COMP4 67 83
PUMP 85 100

The gas-liquid separators were assumed to collect all liquid from the two-phase mixture at the bottom of the
tank by gravitational forces. The vertical velocity (v) was assumed to be 0.30 ms™' for SEP1, 0.05 ms~" for
SEP2 and, 0.13 ms™' for the receiver in the refrigeration cycle (REC). SEP2 in the CO, product stream was
assumed to remove all remains of water so that pure CO. entered the liquefaction heat exchanger.

The required size of each component was determined using the relations given in Table 3. The compressors
and pump were defined by a displacement volume (Visp) required to deliver the actual volume flow rate at the

suction line (Viy). The required heat transfer area (A) of the heat exchangers were determined from the required
heat transfer rate (Q), the overall heat transfer coefficient and the logarithmic mean temperature difference of
the process (AT). The gas-liquid separators had a cross-sectional area (Across) Which ensured the assumed

vertical velocity of the volume flow of gas (Vgas out)-

Table 2: Assumed overall heat transfer coefficients. Component names refer to Fig. 2.

Component UkW(m?K) 1] Source
LIQHEX 1.20 [20]
IHEX 0.46 [20]
COOL1 0.46 NDA
COO0L2, COOL3 0.68 NDA
GC (air as cooling media) 0.04 [21]
GC (DH water as cooling media) 2.30 NDA

2.3. Exergy analysis

The exergy of a given system is the useful work that can potentially be utilised in a process where the system in-
teracts and reaches equilibrium with the surroundings, while heat transfer only occurs to the surroundings [22].

To allow the model to reach the optimal pressure of 110 bar when DH was integrated in the GC, the pinch point temperature difference in
the internal heat exchanger (IHEX) was increased from 5 K to 8 K.
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Table 3: Relations for calculation of required component sizes.

Component type Size relation
Compressors and pump Vaisp = Vin/Tvol
Heat exchangers A=Q/UAT
Gas-liquid separators Across = Vgas,out/V

An exergy analysis helps identify which components and material streams are the cause of inefficiencies and
losses in the system. The surroundings (denoted state 0) were defined with a temperature and pressure of
15 °C and 1 atm. An exergy reference environment was chosen and the standard chemical exergy (eg"‘) of
CO, and H,0O was given as 19 870 kd/kmol and 9500 kJ/kmol, respectively [22]. The specific exergy (e) was
calculated by Eq. (1) [22] taking the physical (PH) and chemical (CH) exergy into account. This was used
together with the mass flow rate () to determine the exergy flow rates (£) through the system: £ = e - .

o= (h—ho)— To(s—so)+ ) (yneflt) + (ho - Zynhn,o> - To <So - Zynsn,o) (1)

ePH eCH

The exergy destruction within the system was determined using the product (P) and fuel (F) concepts [23]. The
rate of fuel exergy should be sufficient to generate the product and overcome the exergy destruction (D) and
exergy losses (L), as given by Eq. (2) [22]. Losses were considered as material streams which transfer exergy
directly to the surroundings without further use and were only considered on a system level. Therefore, the last
term of Eq. (2) was omitted on a component level.

E|:=EP+ED+E|_ (2)

The definitions of product and fuel exergy flow rates are given in Table 4. The external coolers, mixer and
valves were considered to be dissipative components, therefore no product was defined. The overall product
of the baseline system was the increase in exergy of the CO, product stream, while the exergy fuel accounted
electricity consumption and cooling water (denoted COOL). When DH was integrated in the system, the heat-
ing of the cooling water was also considered as a product and the fuel reduced to only being the electricity
consumption. For the baseline system, the overall losses were given as the sum of the condensate of water
leaving the separators, all leaving streams of cooling water, and the air stream leaving the GC, as given by
Eq. (3).

E = Z (Eigout + EcooLout) + Ecc.out (3)

Table 4: Definitions of fuel and product exergy rates. Component names refer to Fig. 2.

Component type Er Ep

COMP w Eout — Ein

PUMP W Eout — Ein

SEP Ein - Eliq,out Egas,out

REC E| Egas,out + Eliq,out
LIQHEX (cooling across To) (Eetin — Eetout) + Ecozin Ecozout

IHEX (cooling at T < To) Ecodn — Ecold.out Enotout — Enotin
COOL (cooling at T > To) (Ecozin — Ecozout) — (EcooL.out — EcooLin) -

GC (cooling at T > Tp) (Eretjn — Eretout) + W — Eaout -

MIX Ehot,in + Ecold,in - Eout -

VAL En — Eou -

Baseline system S (W + EcooLn) Ecozout — Ecozin
DH integration 4 (Ecoz,out — Ecozin) +

>~ (EcooL,out — Ecooin)
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For the system with DH integration in the intercoolers, the losses reduced to only account the condensate of
water leaving the separators and the air stream leaving the GC, as given by Eq. (4).

EL = Z Eliq,out + EGC,out ?

When DH was integrated in all external coolers, the losses only included the condensate of water leaving the
separators, as given by Eq. (5).

EL = Z Eliq,out (5)

A set of exergy performance indicators can be defined to evaluate individual components and the system as a
whole. An exergy destruction ratio (7p) was defined for each component and on a system level, see Eq. (6) [22].
An exergy loss ratio (v.) was similarly defined for each material stream considered as a loss and on a system
level as seen in Eqg. (7). An exergy efficiency () was defined for all non-dissipative components and on a
system level and was given as the ratio of the exergy product rate to the exergy fuel rate: ¢ = £p/E¢. For the
dissipative components, no exergy efficiency was defined.

E E;
componentlevel : yp= —2—,  systemlevel: 7pgs = 2 )
Epsys EF sys
E E
streamlevel : 4 = ——,  systemlevel : 7 g = == -
L.sys F.sys

2.4. Economic analysis

For each component, the purchased equipment cost (PEC) was estimated by the cost relation in Eq. (8) [22].
The PEC of a component with a given size (X) was estimated using the list price of a similar component
(denoted z) with a known size. The scaling exponent («) is specific for each component type and is given in
Table 5. The PEC of the reference components are presented in Table 6. All monetary values are given in
2022€.

PEC = PEC, (xﬁ) (8)

Table 5: Scaling exponents used for different types of components.

Component type Scaling exponent («) Source
Compressors 0.77 [24]
Pump 0.59 [25]
Heat exchangers with CO, or water 0.78 [25]
External cooler with air 0.39 [25]
Gas-liquid separators 0.30 [22]

To account for additional costs besides the investment of the component, the PEC was adjusted to a total
capital investment of TCl = 4.16 - PEC [22]. The levelised cost rate associated with the capital investment (Z¢')
was then given by Eq. (9). Here, the TCl was discounted and annualised using a real discount rate (/) of 3 %
and a lifetime (L) of 25 years. An annual operating time (H) of 8000 h was assumed. The cost rate of operation
and maintenance was given by Z°M = 0.15 - ZC' [25]. The total costs associated with owning a component (2)
was the sum of capital investment and operation and maintenance: Z = Z¢ + ZOM,
i(1+i)-
H3600sh ™"

The electricity price was assumed to be 0.08 €kWh' based on [29] and [30]. The cost of the cooling media
was 7.83 €kWh'! and was calculated from the TCI and operational costs of a drycooler required to discharge
the heat to the surroundings. The entering gaseous CO, and the entering DH water were assumed to be free
of charge.
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Table 6: Purchased equipment cost and size of reference component for all components in the system. Com-
ponent names refer to Fig. 2.

Component PEC of reference [€] Size of reference (X) Source
COMP1, COMP2, COMP3 34393 150.5 mh-" [26]
COMP4 66 731 112.8 m3h- [26]
PUMP 4956 57 mdh! [27]
LIQHEX 2426 135 m?2 [28]
IHEX 452 1.97 mz2t [28]
COOLA1 2177 7.69 m3t NDA
COOL2, COOL3 1128 6.07 m2t NDA
GC (air as cooling media) 14695 464 m? [21]
GC (DH water as cooling media) 2223 171 m? NDA
SEP1 5335 0.29 m® NDA
SEP2 6018 0.29 md NDA
REC 1228 0.03 ms* [26]
VAL1 1926 - [26]
VAL2, VAL3 1110 - [26]
MIX 68 - [26]

Range of cost function: *0.07 m3 to 150 m3, 18.3 m? to 373 m2. It was assumed that prices were still representative.

2.5. Exergoeconomic analysis

An exergoeconomic analysis is a way to determine cost flows throughout a thermal energy system and to
investigate how inefficiencies in the system affect the cost of the final product [22]. The cost rates (C) were
determined throughout the system, and are given as the product of the average cost per unit of exergy (c)
and the exergy flow rate: C = ¢ - E [22]. The cost balances applied to all types of components are given in
Table 7. Auxiliary cost equations were made for components with more than one exiting exergy stream using
the product and fuel principles according to the approach in [23]. The cost balances of dissipative components
(coolers, mixer, and valves) were adjusted so that all costs were assigned to an auxiliary variable ('Cdif,dc),
which was added to the final product. The costs of all loss streams were set to 0 €s~! in the analysis, thereby
the costs were assigned directly to the overall product. On a system level, the economic value of the losses
was estimated by assuming an overall constant product rate and that changes in losses result in changes in
the fuel supply: C_ = cr - £, where ¢ is the average cost per unit of exergy fuel. A similar assumption was
used for estimating the costs of exergy destruction: Cp = ¢r - Ep [22].

The cost balance of the general form: Cp = Cr + Z was applied on a system level with the definitions of product
and fuel costs given in Table 8. For the systems with DH integration, the cost rate of the total product was given
as the sum of the cost rate of CO, and DH production: Cp = Cpcoz + > CppH. The definition of product and
fuel exergy used for the external coolers was the same in both the baseline system and with DH integration, as
this allowed for allocation of the component costs to both DH production and the CO,. When DH was produced

Table 7: Cost balances and auxiliary equations for each component. Component names refer to Fig. 2.

Component type Cost balance Auxiliary equation (F/P principle)

COMP Cout=Cin+Cy+2 -

PUMP Cout=Cn+Cu+Z -

SEP Cas,out = Cn + Z

REC Cgas,out + Cqu,out =Cn+Z (P) Cgas,out = Ciig,out

LIQHEX CCOZ,out + Cref,out = CCOZ,in + Cref,in +Z (F) Cref,in = Cref,out

IHEX Chot,out + Ccold,out = Ccold,in + Chot,in +Z (F) Ceold,in = Ccold,out

COOL Cairae + Ceoz.out = Ceozin + CoooLin + £ (F) Ccoz,in = Ccoz.out

GC Cdif,dc + Cref,out = Cref,in + Cw +Z (F) Cretn = Cref,out )

MIX Cdif,dc + Cout = Chot,in + Ccold,in +Z (F) Cout = —Ehm'i"g:\‘:;f;:zﬂ:::‘n%ld'i"
VAL Cdif,dc + Cout = Cin +Z (F) &n = Cout
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Table 8: Cost flow rates for the overall system.

System Cr Cr,co2 Cr,pH
Baseline >-Cw+3 Ccoolin  Ccozout + 2. Cuitac -
) . . . E —Econin : ; E —E in g
DH integration ~ 3° Cw Coozout + =24="2 3 Ciirgc  CcooLout + == 3 Ci dc

in a cooler, the fuel principle was applied to both the CO, stream and the DH water stream, to keep all costs
in the auxiliary variable. The allocation of the total sum of Cgitgc Wwas made using the exergy value of the CO»
product and DH as weighting factors in the absence of other valuation methods.

A set of exergoeconomic performance indicators were defined to evaluate the system. The relative cost dif-
ference (r) indicates the increase in average cost per exergy unit between fuel and product of a productive
component or system, relative to the average cost of fuel supplied [22]. It is given by Eq. (10), here cp is the
average cost per unit of exergy product.

ckp—Cc 1-¢ Z
= +

r= .
Cr € CrEp

(10)

An exergoeconomic factor (f) was defined, as given in Eq. (11). It is the ratio between the costs coming from
investment and operation to the total costs of the component or system. By using this factor, the dominating
source of costs in a component can be evaluated [22]. Since costs of losses were only considered on a system
level, the last term of the denominator was omitted on a component level.

fo_ 2 (11)
Z+ CD + C|_
3. Results

3.1. Baseline system

The baseline system had a total power consumption of 210 kW and a cooling load on the refrigeration cycle of
177 kW. Furthermore, the total cooling load in COOL1 and COOL2 was 137 kW. The total capital investment
of the system was 1.7 M€. The results of the exergy and exergoeconomic analyses of the baseline system are
shown in Table 9. The greatest exergy destruction was seen in the compressors and the GC, with the three
highest rates of exergy destruction in COMP4 (15.1 kW), COMP1 (14.2 kW), and the GC (14.2 kW). The four
compressors accounted for 56 % of the exergy destruction in the system, while the GC accounted for 14 %.
Less significant contributions were found in the LIQHEX, COOL1, COOL2, VAL1, and VAL2 ranging between
approx. 3 % to 8 %, while the remaining components each contributed less than 1 % to the overall exergy
destruction. The results for the PUMP and the MIX were excluded from Table 9 as these components only
accounted for a total of less than 0.4 % of the total exergy destruction, and less than 6 - 10~3 % of the total
capital investment.

The results for all material streams considered as losses are seen in Table 10. The greatest exergy losses
were discharged in the GC (9.9 kW) and COOL1 (7.6 kW) accounting for 32 % and 24 % of the total losses,
respectively. Losses related to cooling accounted for 85 % of the total losses in the system, while the removal
of water constituted the remaining 15 %. On a system level, an exergy efficiency of 39 % was found, while
46 % of the fuel exergy being supplied was destroyed through irreversibilities in the system. The exergy losses
constituted 15 % of the fuel supply on a system level.

The results of the exergy analysis indicated that the performance of the system could be improved by reducing
exergy destruction, with the highest reduction potential seen in compressors and the GC and somewhat lower
reduction potentials in the LIQHEX, COOL1, and COOL2. By increasing the efficiencies of compressors and
decreasing the temperature difference in the LIQHEX, the exergy efficiency of the system could be directly
improved. However, an improvement of the GC, COOL1, and COOL2, would reduce the destruction in these
components while increasing the exergy losses. The temperature of the working media at the outlet of the
components would in such case decrease and therefore a greater cooling load would be needed in the com-
ponents, resulting in a greater discharge of heat to the cooling media. The analysis also showed a potential for
utilising losses associated with cooling, as approx. 13 % of the fuel supply was lost in the cooling water.
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Table 9: Exergy and exergoeconomic results of the baseline system. Component names refer to Fig. 2.

Com- Er Er Ep € o Cr Ce o b4 r f
ponent [KW] [KW]  [KW]  [%] [%] [€h'] [eh'] [eh'] [eh'] (%]  [%]
COMP1 55.9 41.7 14.2 746 14 4.5 12 1.1 7.24 250 86
COMP2 50.3 37.0 13.3 736 14 4.1 7.0 1.1 2.95 130 73
COMP3 46.1 33.1 13.0 71.8 13 3.8 4.7 1.1 0.93 74 47
COMP4 57.3 42.3 15.1 73.7 15 4.6 5.9 1.2 1.31 74 52
SEP1 264 264 0.836 99.7 0.85 11 11 0.035 0.219 2.3 86
SEP2 291 291 0.283 99.9 0.29 18 19 0.018 0.243 1.4 93
REC 162 162 0.0 100 0.0 23 23 0.0 0.0323 0.14 100
LIQHEX 328 320 8.19 97.5 83 23 24 0.59 0.132 3.1 18
IHEX 1.52 0.947 0.574 62.3 0.58 0.22 0.24 0.08 0.0207 76 20
COOLA1 3.12 — 3.12 — 3.2 1.0 — 1.0 0.0624 — 5.9
CcOOL2 3.64 — 3.64 — 3.7 0.92 — 0.92 0.0245 — 2.6
COOL3 0.719 — 0.719 — 0.73 0.88 - 0.88 0.0831 — 8.7
GC 14.2 — 14.2 — 14 3.2 — 3.2 0.527 — 14
VAL1 5.77 — 5.77 — 5.9 0.82 — 0.82 0.0657 — 7.4
VAL2 3.93 — 3.93 — 4.0 0.57 — 0.57 0.0378 — 6.3
VAL3 0.894 — 0.894 — 0.91 0.13 — 0.13 0.0378 — 23
System 212 82.7 98.1 39.0 46 18 32 8.5 14.0 350 56

The results of the exergoeconomic analysis seen in Table 9 showed that the highest cost sources were the
compressors and the GC, as these components had both relatively high costs associated with exergy de-
struction and capital investment. The CO, product compressors, COMP1 and COMP2, showed high relative
cost differences of 250 % and 130 % meaning that the specific cost of the product stream was significantly
increased compared to the fuel costs in these two components. Furthermore, COMP1 and COMP2 showed
exergoeconomic factors of 86 % and 73 %, respectively, indicating that the highest cost sources in these
components were capital investment. The relative cost increase in COMP3 and COMP4 of 74 % were less
significant. The costs of irreversibilities and capital investment in these two components were well balanced
with exergoeconomic factors of 47 % and 52 %, respectively. Looking at the heat exchangers in the system,
these were generally dominated by costs associated with exergy destruction, with the greatest contributions in
the GC, COOL1, COOL2, and COOL3 showing exergoeconomic factors ranging between 2 % to 14 %. At a
system level, the cost rate of the product was 32 €h~', corresponding to 18.3 €t-' CO, at the liquid product
mass flow rate of 1.77 th™'. The exergoeconomic factor of the overall system was 56 % indicating, that the
costs associated with capital investment and inefficiencies were balanced.

The exergoeconomic analysis showed that the components in which fuel was supplied to the system were of
most importance for the overall costs. The analysis indicated that the overall product cost could be reduced if
the costs associated with the CO. product stream compressors, COMP1 and COMP2, were decreased. The

Table 10: Results for losses of the baseline system. Component names refer to Fig. 2.

Component source E n G
(kW] [%] [€h']
SEP1 4.1 13 0.35
SEP2 0.7 2.3 0.062
COOL1 7.6 24 0.66
CcooL2 5.2 17 0.45
COO0L3 3.6 12 0.31
GC 9.9 32 0.85
System 31 15 2.7
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greatest cost contribution in these components was the capital investment, therefore, this could be decreased
to potentially reduce the costs of the overall product. The external coolers showed moderate cost contributions
stemming from inefficiencies. However, a reduction in exergy destruction and thereby costs associated with
inefficiencies would result in increased costs of exergy losses. An alternative way of reducing the costs of
inefficiencies in the external coolers could be to reduce the average cost of fuel supply to the components.
This could be done if the costs of the available cooling media could be reduced.

3.2. Integration of district heat

Based on the results of the exergy and exergoeconomic analyses, it was chosen to implement DH in the
external coolers to utilise the exergy loss associated with cooling and to eliminate the costs of the cooling
water. The effects on the overall system costs were evaluated when DH was integrated in all coolers (COOLA1,
COOL2, COOL3, and the GC) and when it was only integrated in the intercoolers (COOL1, COOL2, and
COOL3).

The results of the exergy and exergoeconomic analyses for the overall systems are presented in Table 11. ltis
seen, that the overall exergy product was increased for both DH integration options compared to the baseline
system because the heating of water was now considered a product for the overall system. Therefore, the
total losses were reduced to 5.0 kW and 16 kW when implementing DH in all external coolers and only in
intercoolers, respectively. As a consequence, also the exergy efficiency increased for both integration options,
with the highest exergy efficiency seen for the system with DH integration in all coolers because this option
also utilised the heat discharged in the GC. The cooling was provided at a higher temperature with DH water.
Therefore, an increase in exergy destruction was seen for both integration options which was primarily caused
by increased exergy destruction in compressors and in the LIQHEX, because the temperatures at the compo-
nent inlets increased. A significantly higher total exergy destruction was seen for the integration of DH in all
coolers. This was caused by an increase in the optimal high pressure in the refrigeration cycle when the GC
should use DH water for cooling (see Section 2.1). This significantly increased the load on COMP4, and also
increased the throttling losses in VAL1.

Considering the overall system costs in Table 11, it was seen that the costs of the total system increased 11 %
to 36 €h~', when DH was integrated in all coolers. This was caused by the increase of the high pressure in
the refrigeration cycle, resulting in higher electricity consumption in compressors. This was also seen from
the higher cost of exergy fuel of 22 €h~'. The costs of the total system remained constant when DH was
only implemented in intercoolers. In this integration option, the costs associated with cooling water were
eliminated and outweighed the increased power consumption of compressors, meaning that the overall fuel
costs remained closed to constant. The increased temperature at the suction line of COMP2 and COMP4
increased the volume flow rates, which led to greater component sizes and increased capital investment. This
resulted in a cost rate of capital investment of 14.3 €h~' when DH was integrated in intercoolers. For the
alternative option, the capital investment showed an overall small decrease to 13.9 €h~" which was caused by
the GC being significantly smaller when water was used as cooling media.

When considering the costs assigned to the liquefaction and purification of CO,, it was reduced for both
implementation options. For the system with DH integration in all coolers, the CO, product cost was found to
be Cp,cog = 31.1 €h~", while it was 'Cp,ooz = 30.9 €h~" when only integrating DH in existing water coolers.
These costs corresponded to a specific cost of liquefaction and purification of 17.6 €t-' CO, and 17.5 €t
COy, respectively. The remaining costs were assigned to the DH product. The total DH production was 168 kW
at 10.1 €MWh" and 160 kW at 9.2 €MWh~" when implementing DH in all coolers and only in intercoolers,
respectively.

The results showed that integration of DH in the existing water coolers could be made without increasing the
costs of the overall system, when assuming that the DH operators would pay for additional components needed
to operate the DH. The increase in available cooling temperature increased the power consumption and the
required size of the subsequent compressors, which increased the costs associated with these components.
However, the costs associated with cooling were reduced, thereby reducing the costs stemming from ineffi-

Table 11: Exergy and exergoeconomic results for systems with DH integration.

DH in- EF Ep ED € YD CF Cp CD Z r f

tegration [KW] [kW]  [kW] [%] [%] [€h'] [€h'] [€h'] [Eh'] [%]  [%]
COOLs 272 137 130 50.2 48 22 36 11 13.9 220 56

and GC

gr(“);)LS 224 101 107 452 48 18 32 8.6 14.3 300 59
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ciencies in the system. The results also showed that integration of DH in the GC increased the overall system
costs, due to an increased load on the high-pressure compressor. Therefore, this integration option would only
be more feasible than the baseline system, if the revenue from DH sales was greater than the additional costs
of the electricity consumption.

4. Discussion

The definitions of product and fuel for all components were chosen as total exergy streams. In some compo-
nents and on the system level it would be more correct to divide the streams of exergy into thermal, mechanical,
and chemical parts. As an example, the correct product definition of the CO,, liquefaction and purification would
be the sum of the thermal exergy in the liquid outlet stream and the increase in mechanical and chemical ex-
ergy from inlet to outlet, while the thermal exergy in the gaseous inlet stream should be considered as a fuel.
This would give a negligible increase in the overall exergy product rate to 85 kW and the exergy efficiency to
39.7 %. It would result in a slightly lower product cost rate, as the costs of fuel and capital investment would
not be affected by a split in exergy streams. Furthermore, it would affect the systems with DH integration in a
similar way. The higher level of detail would significantly increase the computational effort of the model, and
would not affect the overall conclusions of the study.

The cost balances for the external coolers were the same for both the baseline system and the systems with DH
integration, even though a useful exergy product could be defined with DH integration. This approach allowed
for allocation of the cooler costs between the liquefaction and purification of CO, and the DH production.
Alternatively, all costs could be assigned to the DH product in each cooler. This would not affect the overall
costs of the system, but reduce the costs assigned to the liquefaction and purification of CO,. Furthermore,
alternative methods for allocation of the costs could be used, which could distribute the costs of coolers and
dissipative components in a different way between the DH product and the CO, product.

In both systems with DH integration, it was expected that the DH can generate positive revenue. DH integration
in intercoolers would make the system more economically feasible than the baseline system, while the revenue
from DH should at least exceed the additional expenses when implementing DH in all coolers. The additional
costs of this system corresponded to a minimum selling price of DH of 21 €MWh-'. In 2022, around 100 of the
Danish DH networks had heat prices higher than 21 €MWh-" [31], assuming that the heat price constituted
25 % of the price paid by consumers [32]. This indicated that the feasibility of integrating DH in all coolers
depends on the local DH network. To make the conclusions on DH integration more robust, a sensitivity
analysis of the ambient temperature and the yearly operating hours of the plant could be made.

The analysis also showed that the compressors were a major cost source. If the components of the systems
should be changed, these should be of focus. In the systems with DH integration, it could also be beneficial to
improve the performance of the coolers, as these showed moderate costs associated with inefficiencies. This
would increase DH production and revenue. It would also result in a reduction of the exogenous contribution
to exergy destruction in COMP2, COMP4, and the LIQHEX because the temperature at the inlet of these
components would be reduced. To investigate the interdependencies between components, it could be of
interest to perform an advanced exergy analysis [33]. In the present study, it was assumed that all water was
removed from the CO,, however, the amount of water that can be removed by condensation is limited by the
temperature of the available cooling water. It would be relevant to also consider this influence when evaluating
the effect of DH integration.

5. Conclusion

An exergoeconomic analysis of a system for liquefaction and purification of CO, was made. The system
consisted of two-stage compression with intercooling and an external two-stage refrigeration cycle used for
liquefaction. The analysis showed an exergy efficiency of 39 %, while 15 % of the supplied exergy fuel was
considered as losses with the dominating part associated with external cooling. The compressors throughout
the system were responsible for 56 % of the total exergy destruction and were found to be the most significant
for costs. The analysis suggested that the capital investment of the two-stage compressors in the CO, product
stream should be reduced to reduce the costs of the overall process.

It was found that integration of DH could increase the exergy efficiency to 45 % and 50 % and that the highest
efficiency was achieved when all external coolers were used for DH production. However, it was seen that
implementation of DH in the gascooler of the refrigeration cycle resulted in an 11 % increase in the total
system costs, while DH could be integrated only in the water coolers without affecting the total costs of the
system. Integration of DH increased the costs associated with compressors but reduced the costs of cooling.
The analysis of the initial system also suggested that the performance of the coolers should be improved, which
was expected to have a positive impact on the overall system only if DH was integrated. The study showed,
that production of DH from the waste heat of the liquefaction and purification process could potentially have a
positive economic impact on the system and that this was depending on the choice of integration.
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Nomenclature

Roman Letters u Overall heat transfer coeffi- int Intermediate
; . cient [kW(m2K)~"] _ .
C Cost rate [€s7'] OM  Operation and mainte-
. v Velocity [ms™] nance
E Exergy flow rate [kW]
X Primary design variable P Product
m Mass flow rate [kgs™] ) .
_ y Mass fraction [-] PH Physical
Q Heat transfer rate [kW] Greek Letters s Isentropic
v Volumetric flow rate [m®s™"] o Scaling exponent [-] sys  Overall system
W Power [kW] " Efficiency [%] vol  Volumetric
4 Cost rate of owning compo- 7 Exergy ratio [-] Abbreviations
nent [€s~’ ici 9
[ 2 ] e Exergy efficiency [%] COMP Compressor
A Area [m i i
[m=] Subscripts and superscripts COOL Intercooler
Average cost per exer hemical
it [€9kJ_1] p ay n Chemical component DH District heating
0 Reference state
e Specific exergy [kJkg™'] a air GC  Gascooler
f Exergoeconomic factor [%] cH Chemical IHEX Internal heat exchanger
i LIQHEX Liquefacti h -
H Annual operating hours [h] Capital investment Q cha{ﬂ;gracnon eat  ex
o -1 .
h Specific enthalpy [kJkg™']  cross Cross-sectional PEC Purchased equipment cost
i Real interest rate [%)] D Destruction
L Lifetime [y] de Dissipative component REC  Receiver
r Relative cost difference [%] dif Difference SEP  Gas-liquid separator
s Specific entropy [kJ(kgK)~'] disp  Displacement TClI  Total capital investment [€]
T Temperature [°C] F Fuel VAL  Expansion valve
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