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A B S T R A C T   

Currently, excessive CO2 emissions have become a global challenge due to their influence on the climate. Ac
cording to the Paris Agreement, global warming should be limited to 1.5 ◦C by 2100. Carbon capture and uti
lisation (CCU) are attractive as they can both reduce CO2 content and utilise CO2 as a carbon resource. However, 
in conventional CCU processes, CO2 needs first to be extracted and purified for the following utilisation. In 
contrast, the recently reported Integrated Carbon Capture and Utilisation (ICCU) was designed to realise the 
overall process in one reactor, where CO2 is captured by adsorbents (e.g., CaO) and utilised in-situ with the 
introduction of a reducing agent (e.g., H2). This ICCU technology can promote CO2 conversion with fewer in
termediate steps, leading to a reduction in overall cost. Energy and economic analysis of ICCU are thus urgently 
required. According to several recent research, the operational cost of ICCU has been reported to be cheaper than 
that of CCU. However, a comprehensive view of ICCU is still expected due to further application. This paper 
focuses on comparing ICCU and conventional CCU processes based on Aspen simulations covering mass balance 
(i.e., CaCO3 consumption, purge production, annual CO production), energy balance, the total annual cost and 
the CO cost, etc. Analysis shows that the ICCU process can produce more CO (1.20 Mt year− 1), less purge (0.21 
Mt year− 1), and less consumption of CaCO3 (0.62 Mt year− 1) with higher energy efficiency (37.1 %) than the 
CCU process. The results also show that the total annual cost of ICCU is $867.07 million, corresponding to a total 
cost of CO of $720.25 per tonne. In contrast, CCU has higher costs, with a total annual cost of $1027.61 million 
and a total cost of CO of $1004.53 per tonne. The Cost of CO2 Avoided of ICCU (317.11$/ton) is much lower than 
that CCU (1230.27 $/ton). Therefore, ICCU was confirmed as a better choice for further industrial applications. 
In addition, H2 is shown to have a significant influence on economic performance, which remains a challenge for 
further application.   

1. Introduction 

Carbon Capture and Storage (CCS) is the technology that removes 
CO2 from carbon sources, compresses and transports it to a storage site 
(e.g., underground or ocean bedrock) without releasing it back into the 
atmosphere [1–4]. It has been researched intensively for its potential to 
reduce CO2 emissions in the atmosphere [5]. CCS capacity by 2050 is 
estimated to be approximately 700 million tons annually, corresponding 
to 10 % of what is required [6]. However, CCS entails high initial capital 
investment and would drastically reduce power plant efficiencies, with 
potential negative environmental impacts and risk of accidental leakage 

during long-term storage [7,8]. 
Carbon Capture and Utilisation (CCU) is complementary to CCS as it 

can be used to reduce CO2 emissions from fossil resources by converting 
industrially emitted CO2 into chemicals and fuels [9–11]. In various CCU 
processes reported, CO2 is commonly absorbed in solvents such as 
amines, KOH, or methanol, followed by the regeneration of sorbents in a 
desorption step to obtain concentrated CO2 [12–14]. The captured CO2 
can then be converted to chemicals such as carbonates [15], poly (car
bonates) [16], carbamate derivatives [17], carboxylic acids [18,19] 
using a range of catalysts that include main-group metal complexes (e.g., 
Mg, Al, Ca, and In), transition-metal complexes (e.g., Zn, Fe, Cr, and Co), 
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and organo-catalysts [20]. However, the CO2 purification process in
creases CO2-supply cost and greenhouse gas emissions [21]. Therefore, 
it is desirable to decrease the cost of the CO2 desorption process along 
with increasing the environmental and economic benefits of CCU [22]. 

Aspen Plus® is widely used to design a new process, optimise oper
ations of a full process, and predict the behavior of a process using basic 
engineering relationships (i.e. mass and energy balances) [23,24]. For 
example, researchers have reported simulations for the carbonate- 
looping steam cycle for a large coal-fired plant [25], a coal-fired 
power plant with CCS [26], CCUS for a coal-based power plant with 
the production of urea, methanol or sulfur [27]. Syngas is a mixture of 
H2 and carbon monoxide (CO). It can be utilised to produce valuable 
fuels and chemicals via the Fischer-Tropsch process, especially in coal
–to–liquid and gas-to-liquid processes [28,29]. The reverse water–gas 
shift (RWGS) reaction is one of the most established reactions to convert 
CO2 into syngas [30,31]. Besides, the global CO market size was esti
mated to increase from $11.3 billion in 2021 to $13.15 billion in 2022, 
reaching $23.19 billion in 2026 [32]. Steven et al. reported the techno- 
economic for the power-to-syngas (PtS) technology that sustainably 
utilises CO2 from syngas into syngas [33]. By comparing a series of cases 
in this research to a referred syngas plant (the levelized syngas pro
duction cost of 6.94 $/GJ), the levelized syngas production costs of PtS 
scenarios in this research range from 8.56 to 13.64 $/GJ. Jeehoon et al. 
compared the CCU process (monoethanolamine-based chemical ab
sorption and utilisation into syngas) with CO2 emission from power 
plants and ironmaking/steelmaking plants, which showed that the 
minimum selling price of syngas from power plants was 19.31 $/GJ and 
ironmaking/steelmaking plant was 16.02 $/GJ with its market prices 
ranging from 7.82 $/GJ to 23.25 $/GJ [34]. Although these efforts have 
been made, the competitive costs of CO2 to syngas are still an obvious 
challenge for further application. 

Integrated Carbon Capture and Utilisation (ICCU) has been reported 
recently to improve CCU by utilising the captured CO2 directly. Gassner 
and Leitner integrated conversion with capture through the hydroge
nation of CO2 to formic acid in aqueous amine solutions [35]. Lu et al. 
captured and converted CO2 into formic acid using a photo
electrochemical system assisted by an aqueous-ionic liquid (1-amino
propyl-3-methylimidazolium bromide) solution [36]. Scott et al. 
demonstrated the conversion of saturated aqueous solutions (CO2 
overpressure 5–10 bar) of monoethanolamine (MEA) into the corre
sponding formate adducts [37]. In the ICCU processes, CO2 was con
verted into methanol [38–42], oxazolidinones [43,44], urea [45–47], 
methyl formate [48], organic acids [49], syngas [50]. Iyer et al. reported 
an integrated progress wherein CO2 desorption and dry reforming of the 
CO2-methane mixture simultaneously occurred in one reactor to pro
duce syngas [50]. This was a partial integration process, which involved 
one separation column and one reactor. Luis et al. also reported an ICCU 
strategy that combined CO2 capture and conversion in two reactors with 
unsteady-state operation under isothermal conditions to produce syngas 
[51], which also required two reaction systems. 

Calcium looping (CaL) using CaO-based sorbents is a promising 
alternative to both oxy-combustion and chemical solvent absorption 
[52,53]. The mechanism of the CaL process includes carbonation of CaO 
to give CaCO3 in a carbonator operating normally at 650 ◦C under at
mospheric pressure, and calcination of CaCO3 to give CaO at typically 
over 930 ◦C under a highly concentrated CO2 environment (70–90 vol%) 
[54,55]. Compared to an amine-based post-combustion capture system 
where the heat of absorption cannot be recovered, the heat of the 
carbonation reaction in the CaL process can be recovered at high tem
perature by steam evaporation, superheating, or reheating [53]. It has 
already been demonstrated on a scale of up to 1.9 MWth [54,56]. 

The integration of the CaL process and RWGS reaction at the same 
temperature in a single reactor to achieve the capture and conversion of 
CO2 by using CaO-based materials has been reported by our group 
[57,58]. The ICCU process with syngas production using only CaO as 
both sorbent and catalyst has been demonstrated with over 75 % CO2 

conversion efficiency at 600–700 ◦C [58]. This process can eliminate the 
energy requirement, corrosion, and transportation issues associated 
with CCS and CCU. Bin et al. have also reported combining the CaL 
process and RWGS, where CO2 conversion efficiency reached nearly 90 
%, and CO selectivity was close to 100 % by introducing transition 
metals (Co and Fe) into CaO [59]. These studies mainly focused on 
materials development and optimisation of process conditions, there is 
an urgent need for technical and economic performance analysis. 

Currently, the techno-economic analysis of ICCU has been reported 
based on the capture with Zeolite 13X [50], MEA/K2CO3/ABS/amine- 
based resin [60], methanol [22], ionic liquids [61], MDEA and PZ sol
vent [62], etc. In addition, it is noticeable that ICCU is not always better 
than CCU in cost when ICCU is compared with CCU [22,59]. For 
example, it was estimated that ICCU based on CaL costed $165/t CO2 
(only operational cost was considered) which was less than the simply 
combined process of CaL and RWGS conversion ($393/t CO2) [59]. In 
contrast, Jens et al. compared CCU and ICCU (using methanol to capture 
CO2 from raw natural gas to produce methyl formate) to conclude that 
only if CO2 in the input was 30 mol%, ICCU could be cheaper than CCU 
[22]. When CO2 concentration was lower, ICCU required a higher cost 
than that of CCU, due to the higher heating demand of the separation of 
methyl formate and byproduct water from methanol. However, in this 
CaL and RWGS-based ICCU technology, the syngas product was shown 
high purity without purification [58]. 

The primary aim of this study is to compare the CCU and ICCU 
processes based on the CaL process and RWGS reaction using the same 
reference, namely a coal-fired power plant (CFPP) [63]. In the CCU 
process, as shown in Fig. 1a, CO2 is captured and concentrated by the 
CaL technology; then, the released CO2 is used as a feedstock for the 
RWGS reaction reactor to produce syngas. On the other hand, in the 
ICCU process, as shown in Fig. 1b, the CaL reactor and the RWGS reactor 
are integrated, where the CO2 capture, desorption, and utilisation occur 
isothermally in one reactor by switching the inlet gas between CO2 
sources (e.g., flue gas) and H2. Therefore, this work is the first to present 
techno-economic analysis of ICCU with syngas production, by 
comparing CaCO3 consumption, purge production, annual CO produc
tion, energy efficiency, the total annual cost and the CO cost as well as 
the Cost of CO2 Avoided. 

2. Process simulation and methodology 

A coal-fired power plant with a net electrical power of 600 MW and a 
net efficiency of 40.6 % was used as a reference plant [63]. Software 
Aspen Plus® was used to develop the processes of CCU and ICCU to 
estimate material balances, energy and utility requirements. The re
actors were simulated using the property method of the Peng–Robinson 
with Boston–Mathias modifications (PR–BM), which is suitable for gas 
processing and refinery applications and provides accurate results for 
hydrocarbon mixtures and light gases, such as H2 and CO2. The reactors 
were modeled as stoichiometric reactor blocks. The outlet flue gas in this 
power plant had a flow rate of 540.1 kg s− 1 and its composition is 
summarised in Table 1 [64]. 

2.1. CCU model description and assumption 

The CCU process shown in Fig. 2 was designed ideally without 
adding CaO, which came instead from the calcination of CaCO3. The 
specific assumptions are shown in Table 2. The following reaction was 
modelled in the carbonator:  

CaO(s) + CO2(g) = CaCO3(s), △Hγ,298 K = -178 kJ mol− 1(R1)                  

CO2 capture efficiency was assumed to be 85 % when the mole ratio 
of CaO to CO2 was ca. 5 [63–66]. A steam generator extracted the excess 
heat (Q1) from the exothermic CO2 capture reaction [63,64,66]. 

A cyclone (CYCLON1) was used to separate the solids from the 
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decarbonised flue gas, leaving the carbonator with a separation effi
ciency of 100 %. The flue gas stream was then cooled down to approx
imately 279 ◦C with the extracted heat Q2 [63], and the solid stream 
separated from the cyclone was transferred to the calciner. In the 
calciner, the temperature was maintained at ca. 900 ◦C yielding a 90 % 
conversion of CaCO3. In order to make up for activity decay, the purge 
rate was assumed to be 4.6 %. It was reported that 5 % was set to keep 
the activity of the sorbent [63,65]. The heat for the endothermic calci
nation reaction (Q3) was provided by the combustion of natural gas 
using air. 

Furthermore, a makeup stream (MAKEUP) of fresh limestone con
sisting of 100 % CaCO3 was constantly fed into the calciner. The stream 
out of the calciner (CALCOUT) entered another cyclone (CYCLON2) 
with a separation efficiency of 100 %. The gas stream (CO2) was sepa
rated from the solids (CaO) that were carried back to the carbonator. In 
the RWGS reactor, CO2 was transformed into CO and H2O, as shown in 
R2. The temperature was kept at ~650 ◦C with an excess of hydrogen 

(H2: CO2 = 3: 1 M ratio) and 55 % conversion of CO2 into CO [67]. After 
the reaction, the gas stream was cooled down to approximately 100 ◦C, 
providing heat output Q5.  

CO2 + H2 ⇄ CO + H2O △HR,298 K = +41.2 kJ mol− 1(R2)                         

2.2. ICCU model description and assumption 

In practice, the ICCU process is conducted in one reactor. However, 
for illustration, the process in Aspen was simulated in two reactors with 
the same conditions (Fig. 3). CO2 capture efficiency was assumed to be 
the same as the capture process in CCU, with 85 % CO2 capture effi
ciency [63–66]. Heat Q1 was also obtained from the exothermic CO2 
capture reaction, which was set at 650 ◦C. A cyclone (CYCLON1)sepa
rated the solids from the decarbonised flue gas, leaving the carbonator 
with a separation efficiency of 100 %. After that, the flue gas stream was 
cooled down to around 279 ◦C with the extracted heat Q2. The solid 
stream separated from the cyclone was transferred to the reactor (CU), 
where CO2 was converted into CO at 650 ◦C with the addition of excess 
hydrogen (H2:CO2 = 3:1 M ratio). The conversion is assumed to involve 
two steps, CaCO3 into CaO and CO2 into CO, with efficiencies of 55 % 
and 75 %, respectively [57]. Heat Q3 was generated in CU. After CU, the 
gas stream was separated by the CYCLON2 with a gas–solid separation 
efficiency of 100 %, and then cooled down to approximately 100 ◦C with 
heat Q5 and the solids (CaO) were carried back to the carbonator with a 
purge ratio of 1 %. The purge of ICCU is lower than CCU because in non- 

Fig. 1. Overview of (a) the carbon capture and utilisation (CCU) process and (b) the integrated carbon capture and utilisation (ICCU) process.  

Table 1 
Composition of the flue gas.  

Component Volume fraction (%) 

CO2  12.0 
N2  73.7 
H2O  8.3 
O2  5.5 
SO2  0.5  

Fig. 2. Process model of the CCU process in ASPEN PLUS®.  
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isothermal CCU the CaCO3/CaO stability is much less than that in 
isothermal ICCU [58]. 

All the operating conditions of the ICCU process are shown in 
Table 2. 

2.3. Energy efficiency 

Energy efficiency for the power plant with CCU/ICCU was defined as 
the ratio of the total output to input energy: 

ηenergyefficiency =

∑
Eout

∑
Ein

× 100% (1)  

where 
∑

Eout is the sum of the electricity from the coal-fired power plant 

(600 MWe) and the heat from CCU/ICCU. 
∑

Ein is the sum of the energy 
required for the coal-fired power plant (1478.33 MW) and the CCU/ 
ICCU. To convert the heat into electricity, herein the efficiency of 
generating electricity was about 35.3 % [73]. 

2.4. Assumptions and method of economic evaluation 

In these two cases, total annual capital cost (ACC) and operation and 
maintenance (O&M) costs were considered. The sum of ACC and O&M 
was the total annual cost (TAC), as shown in Eq. (2). 

TAC = ACC +O&M (2) 

The O&M costs mainly constituted two parts, namely, fixed and 
variable O&M costs. Fixed costs included four contributions: annual 
maintenance cost, direct labor cost, property taxes and insurance as well 
as administrative, support and overhead cost. The variable costs were 
associated with the cost of catalyst, H2, natural gas, and CaCO3. 

ACC was a combination of capital recovery factor (CRF) and total 
capital investment costs (Ctotal), which is expressed in equation Eq. (3). 

ACC = Ctotal × CRF (3) 

The equipment costs were assumed equal to the overnight costs, 
without considering any scaling effect, due to the modularity and the 
simplicity of installation of both these technologies. And Ctotal was 
representative of the total capital investment cost, involving the total 
cost of equipment, owner’s cost and contingency and land permitting 
and surveying costs during plant construction. Total costs of equipment 
are listed in Table 3. 

The capital cost of each component (Cm) was empirically estimated 
using the scaling factor exponent, through Eq. (4) [74,76–78]. The sum 
of the equipment cost was defined as C. 

Cm = Cr(
S
Sr
)

f (4)  

where the Cr and f represent the reference cost (with reference size Sr) 
and equipment scaling factor exponent, respectively. 

Fig. 3. Process model of the CCU process in ASPEN PLUS®.  

Table 2 
Process parameters of CCU and ICCU [25,67–72].  

Parameter CCU ICCU  

Flue gas Pressure (bar) 1.01 1.01  
Temperature (◦C) 150 150  
Mass flow (kg s− 1) 540.10 540.10  

H2 Pressure (bar) 1.01 1.01  
Temperature 150 150  
Mass flow (kg s− 1) 13.85 13.85  

Makeup (100 % CaCO3) Pressure (bar) 1.01 1.01  
Temperature (◦C) 25 25  
Mass flow (kg s− 1) 52.68 21.50  

Carbonator Temperature (◦C) 650 650  
Pressure (bar) 1.01 1.01  
CO2 capture efficiency 85 % 85 %  
CaO:CO2 mole ratio 6 6  

Calcination Temperature (◦C) 900   
Pressure (bar) 1.01   
Calcination efficiency 90 %   

RWGS reactor Temperature (◦C) 650   
Pressure (bar) 1.01   
Conversion 55 %   
H2/CO2 mole ratio 3   

CU reactor Temperature (◦C)  650  
Pressure (bar)  1.01  
CaCO3-to-CaO Conversion  55 %  
CO2 to CO Conversion  75 % 

Purge ratio  4.6 % 1 %  

Table 3 
Parameters of the scaling function for capital cost estimation.   

Cr Scaling 
parameter 

Sr f Ref. 

Carbonator 354 Heat duty, MW 1027  0.98 [74] 
Calciner 14 Outlet, m3/s 839  0.98 [74] 
RWGS rector 32 Input, t/h 43  0.65 [75] 
Heat exchanger 187 Heat duty, kW 150  0.78 [75] 
Steam turbine, generator and 

auxiliaries’ cost 
246 Net power, 

MW 
569  0.69 [74]  

Y. Qiao et al.                                                                                                                                                                                                                                    



Fuel 332 (2023) 125972

5

The plant was assumed to have 8,000 operating hours annually, a 25- 
year plant lifetime (n in Eq. (5)), and an interest rate of 8 % (i in Eq (5)). 
The CRF was defined as the ratio of constant annuity to the present value 
at a period with a certain interest, as shown in Eq. (5) [79]. 

CRF =
i(1 + i)n

(1 + i)n
− 1

(5) 

To evaluate the technology of ICCU and CCU systems, the cost of CO 
($/t CO) was also calculated according to Eq. (6). 

Cost of CO =
TAC

AnnualCOproduction
(6) 

Parameters for capital cost estimation with their reference values are 
summarised in Table 4. The costs of other components such as water 
pumps, splitters, mixers and separators were not included. 

In addition, according to Eq. (7), a cost index was used to estimate 
the cost from year m to year n. Herein, n was selected as 2020; thus, the 
cost in the previously built or current period (year m, Cm) was used to 
calculate Cn. The ratio of cost index value in year m (Im) and year n (In) 
multiplied by Cm gives Cn (Chemical Engineering Plant Cost Index, 
CEPCI: 650) [83–86]. Costs were calculated in US dollars at an exchange 
rate €/$ of 1.126 and A$/$ 0.770. 

Cn = (In/Im)*Cm (7) 

The cost of CO2 avoidance (CAC) was obtained by comparing the 
TAC and the CO2 emission rate to the reference plant with and without 
CCU/ICCU, shown in Eq. (8). 

CAC =
TACCCU/ICCU − TACref

eref − eeCCU/ICCU

(8)  

2.5. System boundaries 

System boundaries define the elements included in economic anal
ysis, which influence the cost of CO2 avoided and production [87]. The 
value chain of CCU/ICCU involves the following stages: the capture of 
CO2, the conversion of CO2 into the syngas, the energy to drive the 
capture and conversion process, and heat recovery during the capture 
and utilisation process (Fig. 4). In this research, it did not include the 
transport or distribution of the final product and the H2 source. In 
addition, as CO was the main product and the key element of syngas, the 
final indicator to compare CCU and ICCU was set as CO cost. 

2.6. Sensitivity analysis 

Sensitivity analysis (SA) is acknowledged as a standardized way to 

evaluate the influence of a certain parameter on the TEA result [88]. It is 
essential to conduct a sensitivity analysis as there are both inevitability 
and uncertainty surrounding the final results [89,90]. According to The 
DOE/NETL Quality Guidelines for Energy System Studies [91] and the 
European Best Practice Guidelines for Assessment of CO2 Capture 
Technologies [92], sensitivity analysis can be researched based on the 
variations in the primary data elements from the input data, financial 
assumptions, and state of technology development, which are diverse 
timely or spatially in different cases [93,94]. The parameters tested in 
this paper were the H2 cost, interest rate and plant life. However, similar 
to other techno-economic analysis for CCS/CCU, the sensitivity analysis 
here is relatively superficial, which could facilitate more detailed in
vestigations and research in the future [24,93]. 

3. Mass and energy balance 

3.1. Mass balances 

Table 5 presents the mass balance for all four CCU and ICCU pro
cesses evaluated in this study. With the same input of flue gas (540 kg 
s− 1) and H2 (13.85 kg s− 1), the CaCO3 makeup of CCU (4.6 %) was 
higher than that of ICCU (1 %). The CaCO3 makeup of CCU was 1.52 Mt 
year− 1, while that of ICCU was 0.62 Mt year− 1. As a result, more CO 
(1.20 Mt year− 1) was produced in the ICCU process than in the CCU 
process (1.02 Mt year− 1 of CO produced). In addition, the lower purge 
ratio of ICCU led to less purge for ICCU (0.21 Mt year− 1) than CCU (0.86 
Mt year− 1) due to the improved stability of sorbents in ICCU compared 
to CCU. 

3.2. Energy balances 

In the CCU process (Fig. 2), the energy was produced from the car
bonator CC (Q1) and the two heat exchangers (Q2 and Q5), while being 
consumed by the calcination reactor CAL (Q3) and the RWGS reactor 
(Q4). As shown in Table 6, the net heat requirement was 742.65 MW in 
the CCU process, while it was 575.05 MW in the ICCU process. On the 
other hand, 525.90 MW of heat was output in the CCU process and for 
the ICCU process, 455.89 MW was produced. Electricity production 
from CCU and ICCU was 185.65 MWe and 160.93 MWe, respectively. 
Considering the electricity production and requirement of the power 
plant, the energy efficiency of ICCU (37.1 %) was higher than that of 
CCU (35.4 %). ICCU process is isothermal with extremely excellent cy
clic and stable performance, which means less energy demand. Besides, 
the CCU requires the regeneration and transportation of sorbent, which 
is energy intensive and with heat loss. 

Table 4 
Parameters for economic analysis [59,74,79–81].  

Quantity Unit Value 

Plant lifetime years 25 
Annual operational time hours 8000 
Process utilities and offsite unit costs 25 % of the equipment cost 
Owner’s cost and contingency cost 15 % of the installation cost 
Land, permitting, surveying, etc. 5 % of the installation cost 
Total operation & maintenance cost   
Direct labor Persons 30 
Average annual direct labour cost $/person 5000 
Administrative, support and overhead cost 35 % direct labour cost 
Annual maintenance costs 3.5 % of the installation cost 
Property taxes and insurance 3 % of the install cost 
Natural gas price $/KW h 0.045 
Catalysta $/ton 22,000 
Hydrogen $ t− 1 1400 
CaCO3 $ t− 1 14.83 
Carbon tax  None  

a The amount of catalyst is referred to as the reference (each tonne of CO 
requires 1.06 kg catalyst) [82]. 

Table 5 
Summary of mass balance for the CCU and ICCU.   

CCU ICCU 

Input   
Flue gas (kg s− 1)  540.10  540.10 
CaCO3 makeup (kg s− 1)  52.68  21.50 
H2 feed (kg s− 1)  13.85  13.85  

Output   
CO produced (kg s− 1)  35.52  41.80 
Purge produced (kg s− 1)  29.98  7.27 
Clean flue gas (kg s− 1)  461.28  461.28  

Annual results   
Annual CO production (Mt year− 1)  1.02  1.20 
Annual CaCO3 consumption (Mt year− 1)  1.52  0.62 
Annual purge production (Mt year− 1)  0.86  0.21  
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3.3. Process performance analysis 

To find optimum process parameters in CCU and ICCU, the CaO/CO2 
ratio, conversion of CaCO3, and conversion of RWGS were investigated 
with regard to CO production and energy efficiency. 

As shown in Fig. 4a & b, the increase of CaO/CO2 ratio leads to an 
increase in annual CO production and a decrease in energy efficiency. 
When the CaO/CO2 ratio increased from 2 to 10, the annual CO pro
duction of CCU changed from 0.87 Mt year− 1 to 1.15 Mt year− 1, and that 
of ICCU increased from 1.12 Mt year− 1 to 1.28 Mt year− 1. In terms of 
energy efficiency, the ICCU process decreased from 37.1 % to 35.9 %, 
while for the CCU process it declined from 36.9 % to 34.3 %. It is 
indicated that ICCU produced more CO with higher energy efficiency 
than CCU when the same CaO/CO2 ratio was applied. The CaO/CO2 

ratio means less CaCO3 input. Based on the experiment in the lab, ICCU 
happens with a longer cycle and better stability of sorbents, so the fewer 
sorbents input can also operate well [58]. 

The influence of CaCO3-to-CaO conversion efficiency on annual CO 
production and energy efficiency is demonstrated, but its influence was 
very slight. With CaCO3-to-CaO conversion changed from 50 % to 90 %, 
the annual CO production (CCU: 0.98 → 1.02 Mt year− 1, ICCU: 1.20 → 
1.21 Mt year− 1), and the energy efficiency (CCU: 35.59 %→35.37 %, 
ICCU: 37.14 %→36.48 %) remained almost unchanged. 

4. Economic evaluation results 

Table 7 summarises the key economic performances of CCU and 
ICCU. The total capital costs (Ctotal) for CCU and ICCU were around 
624.65 and 311.26 M$, respectively. The capital cost of CCU consists of 
these main contributions: the carbonator for carbon capture, calcination 
for regeneration of sorbents and CO2 desorption, RWGS reactor for 
syngas production, heater exchangers, and the steam turbine, generator 
and auxiliaries. Compared to CCU, all the reactions in ICCU occurred in 
one reactor in the lab as reported [57,58], but two reactors were still 
included and calculated as one more reactor can be used to increase the 
efficiency of carbon capture up to 100 % [95]. Although the cost of two 
rectors was considered, the results still implied that the ICCU process 
was cheaper than CCU (the total capital costs of ICCU were 50 % of that 
of CCU). 

The total O&M cost, including fixed and variable O&M costs, was 
969.09 M$ year− 1 for CCU, and 837.91 M$ year− 1 for ICCU (Table 7). H2 
cost dominated the O&M cost, occupying 58 % and 67 % of the total 
O&M cost for CCU and ICCU, respectively. Similar research has indi
cated that the H2 price had the most significant influence on the O&M 
cost [59]; thus, the influence of other factors can be discussed without 
the H2 price influence. In terms of fixed O&M costs, CCU (34.04 M$ 
year− 1) was twice that of ICCU (17.06 M$ year− 1), as the cost for 
property taxes, insurance, and annual maintenance of CCU is higher due 
to their direct relationship to the capital cost. As far as the variable O&M 
costs are concerned, the cost for natural gas for CCU was higher than 
that for ICCU, as CCU required more energy due to the separate reaction. 
Apart from these, both CCU and ICCU shared the same direct labour cost, 

Table 6 
Summary of energy balance for basic models of CCU and ICCU.    

CCU ICCU 

The heat from the carbonator (Q1) MW  − 174.83 − 50.59 
The heat from clean flue gas (Q2) MW  − 184.99 − 184.99 
The heat for the calciner (Q3) MW  627.19 – 
The heat for the CU (Q3) MW  – 575.05 
The heat for the RWGS reactor (Q4) MW  115.46 -a 

The heat from the syngas (Q5) MW  − 166.08 − 220.31 
Net energy input b MW  742.65 575.05 
Net energy output c MW  525.90 455.89 
∑

Ein 
d MW  2220.98 2053.38 

∑
Eout 

e MWe  785.65 760.93 
ηenergyefficiency(

∑
Ein/

∑
Eout) –  35.4 % 37.1 %  

a In ICCU, the calciner and RWGS reactor are combined in the CU reactor. 
b Net energy input for CCU is the sum of Q3 and Q4, while net energy input for 

ICCU is Q3. 
c Net energy output for CCU is the sum of Q1, Q2 and Q5, while net energy 

output for ICCU is the sum of Q1, Q2 and Q5. 
d ∑

Ein is the sum of the energy input for the coal-fired plant (1478.33 MW) 
and the required energy for CCU or ICCU. 

e ∑
Eout is the sum of the electricity produced from the coal-fired plant (600 

MWe) and the electricity from CCU or ICCU.  

Fig. 4. The makeup/CO2 ratio effects on annual CO production (a) and energy efficiency (b). The effects of CaCO3 to CaO efficiency on annual CO production (c) and 
energy efficiency (d). 

Y. Qiao et al.                                                                                                                                                                                                                                    



Fuel 332 (2023) 125972

7

administrative, support, & overhead cost, as well as H2 cost. 
The TAC of CCU was higher than that of ICCU, with costs of 1027.61 

and 867.07 M$ year− 1, respectively (Table 7). H2 cost was the main 
factor with 54 % and 64 % of the TAC in CCU and ICCU, respectively. For 
comparison, Steven et al. proposed a CCU process with syngas produc
tion in three scenarios [33]. When the CO2 and H2 feeds were 71.2 kg/s 
and 3.3 kg/s, respectively, the TAC was 2038.43 M$ year− 1. Therefore, 
CCU and ICCU can be used to save capital costs without the separation, 
storage and transportation equipment. 

CO cost is another crucial indicator for decision-makers to choose the 
closely appropriate case for power generation. As shown in Table 7, the 
CO cost of CCU was 1004.53 $ ton− 1, while that of ICCU was 720.25 $ 
ton− 1. Compared to the market price of CO of $660 ton− 1 and the CO 
cost of 1394 $ ton− 1 in the reference [60], both CCU and ICCU systems 
were higher than the market price but lower than the reference cost 
(Fig. 5). The difference between CO price from CCU and the market price 
of CO was much higher than for ICCU. The advantage of ICCU in terms of 
the total cost of CO derives from high CO production and low TAC. 

The CO2 emission intensity between CCU and ICCU is compared in 

order to determine the more environmental-friendly scenario. There are 
two sources of CO2 emissions coming from utilities (indirect emission) 
and released CO2 after CO2 capture in the carbonator (direct emission). 
When the conversion rate of natural gas during combustion is assumed 
as 100 %, the amount of CO2 indirect emission is 50.40 kg/s and 39.02 
kg/s for CCU and ICCU, respectively (Table 8). Direct emission of CO2 in 
both CCU and ICCU are the same as they share the same temperature in 
the process of carbon capture (13.91 kg/s, Table 8). In total, the CCU 
process release more CO2 than ICCU, with 64.31 kg/s and 52.93 kg/s 
respectively (Table 8). Therefore, the cost of CO2 avoided by CCU 
(1230.27 $/ton) is more than the triple amount of ICCU (317.11 $/ton), 
when they perform the same carbon capture capability. These results 
indicate that ICCU is a better choice in terms of CO2 emissions. In 
addition, the cost of CO2 avoided of the MEA-based capture reached 
about 301.73 $/ton, which shows the potential for the application of 
ICCU (including both capture and utilisation) [96]. 

5. Sensitivity analysis 

Sensitivity analysis clarifies how uncertainties in the input parame
ters (i.e. raw materials, fuel price, labour, construction, land, etc.) in
fluence the TEA result/s, which can be used to judge the ability of the 
project to bear risk. [97–99]. However, in this case, the price of H2 was 
shown to be the most important factor for the economic results; thus, it 
was used to perform a sensitivity analysis on the total cost of CO for both 
CCU and ICCU processes. From Fig. 6a, with the H2 price increasing from 
500 to 3500 $ ton− 1, the total CO cost of CCU increased from 668.62 $ 
ton− 1 to 1865.26 $ ton− 1, while that of ICCU climbed from 508.07 $ 
ton–1 to 1704.71 $ ton− 1. The gap between CCU and ICCU dropped from 
24 % to 9 %, with the H2 price ranging from 500 to 3500 $ ton− 1. Thus, 
the development of the technology to produce H2 with less cost will 
affect the development of the carbon economy in this case. From Fig. 6b, 
when plant life increased from 5 years to 30 years, the CO cost of CCU 
decreased from 1100.26 to 1001.56 $ ton− 1 while that of ICCU 
decreased from 760.79 to 719.00 $ ton− 1. The interest rate and plant life 
also directly influence CO cost, as shown in Fig. 6c. When the interest 
rate increased from 0.02 to 0.12, the CO cost of ICCU changed from 
709.27 to 729.00 $ ton− 1, while the CO cost of CCU increased from 
978.60 $ ton− 1 to 1025.18 $ ton− 1. These minor changes indicate a small 
influence on interest. Overall, in Fig. 6b and c, CCU is shown to have a 
higher CO cost than ICCU in all scenarios. CO cost climbed with the 
increasing interest rate but declined with longer plant life. It is reason
able that increasing interest and short plant life lead to higher CO costs. 

6. Conclusion 

Process simulation has yielded important outcomes for process 
flexibility and efficiency improvement. In the ICCU process, more CO 
(1.20 Mt year− 1) can be produced (CCU: 1.02 Mt year− 1), while less 
purge (0.21 Mt year− 1) is produced (CCU: 0.86 Mt year− 1) with less 
consumption of CaCO3 (CCU: 1.52 Mt year− 1, ICCU: 0.62 Mt year− 1). In 
terms of energy efficiency, ICCU performs better than CCU, at 37.1 % 
and 35.4 %, respectively. The better performance of ICCU, compared to 
CCU, can be ascribed to the integrated design of carbon capture and 
utilisation in one reactor and correspondingly improved stability of 
sorbents in ICCU compared to CCU. The CaO/CO2 ratio and conversion 

Table 7 
Economic evaluation summary of CCU and ICCU.  

Quantity CCU ICCU 

Capital cost (M$)   
Carbonator  75.78  22.48 
Calciner  4.29  – 
RWGS rector  202.97  – 
Carbonator and CU  –  64.76 
Heat exchanger  86.79  97.04 
Steam turbine, generator and auxiliaries  291.14  263.81 
Total equipment cost  416.43  207.51 
Utilities and offsite units  104.11  51.88 
Total install costs (excl. contingency)  520.54  259.38 
Land permitting, surveying etc. costs  26.03  12.97 
Owner’s cost and contingency  78.08  38.91 
Total Capital cost  624.65  311.26 
Annualized capital cost (M$/year)  58.52  29.16  

Fixed O&M Cost (M$/year)   
Annual maintenance cost  18.22  9.08 
Direct labour cost  0.15  0.15 
Property taxes and insurance  15.62  7.78 
Administrative, support, & overhead cost  0.053  0.053 
Total fixed O&M costs  34.04  17.06  

Variable O&M cost (M$/year)   
Catalyst  23.79  27.98 
Hydrogen  558.43  558.43 
Natural gas  330.29  225.23 
CaCO3 make-up  22.55  9.20 
Variable O&M cost  933.71  820.84 
Total fixed and Variable O&M cost (M$/year)  969.09  837.91 
Total annual cost (M$/year)  1027.61  867.07 
Cost of CO ($/t CO)  1004.53  720.25  

Fig. 5. CO cost comparison between CCU, ICCU and reference with the mar
ket price. 

Table 8 
CO2 emissions and Cost of CO2 avoided.   

CCU ICCU 

CO2 in flue gas (kg/s)  92.74  92.74 
Indirect CO2 emission (kg/s)  50.40  39.02 
Direct CO2 emission (kg/s)  13.91  13.91 
Total CO2 emission(kg/s)  64.31  52.93 
Cost of CO2 avoided ($/ton)  1230.27  317.11  
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of CaCO3 into CaO were investigated to evaluate the optimal conditions 
for high CO production and energy efficiency for the system. In all cases, 
higher CO production results from larger CaO/CO2 ratio andhigher 
conversion of CaCO3 into CaO. In contrast, the larger CaO/CO2 ratio and 
higher conversion of CaCO3 into CaO lead to lower energy efficiency. It 
is also shows that ICCU always performs better than CCU. 

Economic analysis has also been performed according to the in
dicators such as total annual cost and CO cost. From the results, ICCU 
performs better than CCU in all cases. The total annual cost and the CO 
cost of the ICCU process are estimated to be $867 million and $720.25 
per tonne, respectively. In contrast, CCU requires a higher total annual 
cost ($1027.61 million) and cost of CO production ($1004.53 per 
tonne). The Cost of CO2 Avoided by ICCU (317.11 $/ton) is much lower 
than that of CCU (1230.27 $/ton). Therefore, ICCU is confirmed to be a 
better choice for further industrial applications. H2 cost was the main 
contributor to the total annual cost (TAC) of CCU and ICCU, at 54 % and 
64 %, respectively. For further application, H2 cost remains a challenge 

to be addressed. 

CRediT authorship contribution statement 

Yuanting Qiao: Writing – original draft, Software, Formal analysis, 
Data curation, Investigation. Weishan Liu: Validation. Ruonan Guo: 
Validation. Shuzhuang Sun: Investigation. Shuming Zhang: Project 
administration, Resources. Josh J. Bailey: Writing – review & editing. 
Mengxiang Fang: Conceptualization, Supervision. Chunfei Wu: 
Methodology, Funding acquisition, Supervision. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

The data that has been used is confidential. 

Acknowledgments 

The authors gratefully acknowledge financial support from the China 
Scholarship Council (Student number: 201706880031). This project has 
received funding from the European Union’s Horizon 2020 research and 
innovation program under the Marie Skłodowska-Curie grant agreement 
No 823745. 

References 

[1] Li B, Duan Y, Luebke D, Morreale B. Advances in CO2 capture technology: a patent 
review. Appl Energy 2013;102:1439–47. 

[2] Leung DY, Caramanna G, Maroto-Valer MM. An overview of current status of 
carbon dioxide capture and storage technologies. Renew Sustain Energy Rev 2014; 
39:426–43. 

[3] Boot-Handford ME, Abanades JC, Anthony EJ, Blunt MJ, Brandani S, Mac 
Dowell N, et al. Carbon capture and storage update. Energy Environ Sci 2014;7(1): 
130–89. 

[4] Jiang K, Ashworth P, Zhang S, Liang X, Sun Y, Angus D. China’s carbon capture, 
utilization and storage (CCUS) policy: a critical review. Renew Sustain Energy Rev 
2020;119:109601. 

[5] Paltsev S, Morris J, Kheshgi H, Herzog H. Hard-to-abate sectors: the role of 
industrial carbon capture and storage (CCS) in emission mitigation. Appl Energy 
2021;300:117322. 

[6] Martin-Roberts E, Scott V, Flude S, Johnson G, Haszeldine RS, Gilfillan S. Carbon 
capture and storage at the end of a lost decade. One Earth 2021;4(11):1569–84. 

[7] Ye B, Jiang J, Zhou Y, Liu J, Wang K. Technical and economic analysis of amine- 
based carbon capture and sequestration at coal-fired power plants. J Cleaner Prod 
2019;222:476–87. 

[8] Ahmed R, Liu G, Yousaf B, Abbas Q, Ullah H, Ali MU. Recent advances in carbon- 
based renewable adsorbent for selective carbon dioxide capture and separation-A 
review. J Cleaner Prod 2020;242:118409. 

[9] Thakur IS, Kumar M, Varjani SJ, Wu Y, Gnansounou E, Ravindran S. Sequestration 
and utilization of carbon dioxide by chemical and biological methods for biofuels 
and biomaterials by chemoautotrophs: opportunities and challenges. Bioresour 
Technol 2018;256:478–90. 

[10] Thonemann N. Environmental impacts of CO2-based chemical production: a 
systematic literature review and meta-analysis. Appl Energy 2020;263:114599. 

[11] Chauvy R, Meunier N, Thomas D, De Weireld G. Selecting emerging CO2 utilization 
products for short-to mid-term deployment. Appl Energy 2019;236:662–80. 

[12] MacDowell N, Florin N, Buchard A, Hallett J, Galindo A, Jackson G, et al. An 
overview of CO 2 capture technologies. Energy Environ Sci 2010;3(11):1645–69. 

[13] Bui M, Adjiman CS, Bardow A, Anthony EJ, Boston A, Brown S, et al. Carbon 
capture and storage (CCS): the way forward. Energy Environ Sci 2018;11(5): 
1062–176. 

[14] Vega F, Baena-Moreno F, Fernandez LMG, Portillo E, Navarrete B, Zhang Z. Current 
status of CO2 chemical absorption research applied to CCS: Towards full 
deployment at industrial scale. Appl Energy 2020;260:114313. 

[15] Favre N, Christ ML, Pierre AC. Biocatalytic capture of CO2 with carbonic anhydrase 
and its transformation to solid carbonate. J Mol Catal B Enzym 2009;60(3–4): 
163–70. 

[16] Darensbourg DJ. Making plastics from carbon dioxide: salen metal complexes as 
catalysts for the production of polycarbonates from epoxides and CO2. Chem Rev 
2007;107(6):2388–410. 

[17] Riemer D, Hirapara P, Das S. Chemoselective synthesis of carbamates using CO2 as 
carbon source. ChemSusChem 2016;9(15):1916–20. 

Fig. 6. Sensitivity analysis: (a) H2 to the total cost of CO; (b)interest rate i and 
(c) plant life to the total cost of CO. 

Y. Qiao et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0016-2361(22)02796-X/h0005
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0005
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0010
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0010
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0010
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0015
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0015
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0015
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0020
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0020
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0020
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0025
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0025
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0025
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0030
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0030
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0035
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0035
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0035
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0040
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0040
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0040
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0045
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0045
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0045
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0045
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0050
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0050
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0055
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0055
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0060
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0060
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0065
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0065
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0065
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0070
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0070
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0070
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0075
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0075
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0075
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0080
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0080
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0080
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0085
http://refhub.elsevier.com/S0016-2361(22)02796-X/h0085


Fuel 332 (2023) 125972

9

[18] Greenhalgh MD, Thomas SP. Iron-catalyzed, highly regioselective synthesis of 
α-aryl carboxylic acids from styrene derivatives and CO2. J Am Chem Soc 2012; 
134(29):11900–3. 

[19] Polyzos A, O’Brien M, Petersen TP, Baxendale IR, Ley SV. The continuous-flow 
synthesis of carboxylic acids using CO2 in a tube-in-tube gas permeable membrane 
reactor. Angew Chem Int Ed 2011;50(5):1190–3. 

[20] Beckman EJ. Supercritical and near-critical CO2 in green chemical synthesis and 
processing. J Supercrit Fluids 2004;28(2–3):121–91. 

[21] von der Assen N, Müller LJ, Steingrube A, Voll P, Bardow A. Selecting CO2 sources 
for CO2 utilization by environmental-merit-order curves. Environ Sci Technol 
2016;50(3):1093–101. 

[22] Jens CM, Müller L, Leonhard K, Bardow A. To integrate or not to 
integrate—techno-economic and life cycle assessment of CO2 capture and 
conversion to methyl formate using methanol. ACS Sustain Chem Eng 2019;7(14): 
12270–80. 

[23] Plus A. Aspen Plus user guide. Cambridge, Massachusetts, United States: Aspen 
Technology Limited; 2003. 

[24] Zimmermann AW, Wunderlich J, Müller L, Buchner GA, Marxen A, Michailos S, 
et al. Techno-economic assessment guidelines for CO2 utilization. Front Energy Res 
2020;8:5. 

[25] Hawthorne C, Trossmann M, Cifre PG, Schuster A, Scheffknecht G. Simulation of 
the carbonate looping power cycle. Energy Procedia 2009;1(1):1387–94. 

[26] Vu TT, Lim Y-I, Song D, Mun T-Y, Moon J-H, Sun D, et al. Techno-economic 
analysis of ultra-supercritical power plants using air-and oxy-combustion 
circulating fluidized bed with and without CO2 capture. Energy 2020;194:116855. 

[27] Yang Y, Zhang Q, Yu H, Feng X. Tech-economic and environmental analysis of 
energy-efficient shale gas and flue gas coupling system for chemicals manufacture 
and carbon capture storage and utilization. Energy 2021;217:119348. 
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