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A B S T R A C T   

The Chinese Government has issued a series of documents to explain China’s control over the carbon dioxide 
(CO2) emission. One of the major tasks is to develop higher efficiency coal fired power plant, compared with 
current running power plant. In this paper, we aim to explore the roadmap to reach the efficiency limit for coal 
fired power plant using supercritical carbon dioxide cycle (sCO2 cycle). Referenced to Carnot cycle, the proposed 
roadmap is to increase the cycle efficiency by elevating average heat absorption temperature (Tave,h) and 
lowering average heat release temperature (Tave,l). In contrast to recompression cycle (RC), tri-compression cycle 
(TC) is introduced. Due to the increased Tave,h, TC achieves the second largest contribution for efficiency 
increment, followed by the reheating technique. Then, TC, double reheating (DRH) and intercooling (IC) are 
integrated as TC + DRH + IC in the power plant. To completely absorb flue gas energy over entire temperature 
range of (1500 ~ 120) ◦C. A top cycle and a bottom cycle are connected for cascade utilization of flue gas energy. 
Overlap energy utilization is further utilized to fill the efficiency gap between top and bottom cycles. The pro
posed cycle also integrates the module boiler design to suppress the pressure drop penalty, and the flue gas 
recirculation to keep the heater surface temperature in an accepted level. A numerical model is developed for the 
comprehensive sCO2 cycle. At the main vapor parameters of 35 MPa/630 ◦C, the sCO2 coal fired power plant 
reaches the net power generation efficiency of 51.03%, which is higher than 48.12% for a supercritical water- 
steam power plant at the same capacity. Such efficiency improvement saves 175.2 kilotons of coal and re
duces 396.4 kilotons of CO2 emission for 1000 MW capacity in a fascial year. Our work provides the guideline for 
the design and operation of large scale sCO2 coal fired power plant.   

1. Introduction: 

Global climate change is the most significant environmental problem 
in the 21st century [1]. The Chinese government promises to peak car
bon dioxide emissions by 2030 and strives to achieve carbon neutrali
zation by 2060 [2]. China’s raw coal production and consumption 
account for approximately 68.6% and 57.7% of the primary energy 
production and consumption respectively in 2019 [3]. Dominant role of 
coal in China’s energy supply is expected to remain unchanged for de
cades [2]. Hence, it is necessary to promote clean and efficient utiliza
tion of coal to reduce the carbon dioxide (CO2) emission. Coal-fired 
power plants based on steam-Rankine cycle have been widely utilized 

for a long history. It is known that thermal efficiency of the power plant 
increases by raising vapor temperature at the turbine inlet [4]. Nowa
days, the state of art coal-fired power plant achieves around 48.12% net 
efficiency with steam parameters of 32.87 MPa/605 ◦C/623 ◦C/623 ◦C 
[5], in which 32.87 MPa is the maximum pressure at the turbine inlet, 
605 ◦C is the steam temperature entering the high-pressure cylinder of 
the turbine, the first and second 623 ◦C refer to the steam temperatures 
entering the moderate-pressure cylinder and the low-pressure cylinder 
of the turbine, respectively. Water-vapor reacts with metal materials at 
ultra-high temperatures, introducing the difficulty to further explore the 
efficiency potential. Supercritical carbon dioxide cycle (sCO2 cycle) uses 
sCO2 consecutively flowing through various components to convert 
thermal energy into power. The sCO2 cycle is believed to have higher 
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efficiency compared with steam-Rankine cycle, by elevating the main 
vapor temperature due to the weak chemical reaction rate between sCO2 
and metal materials [6]. 

In this section, we gave a short review on the general analysis of sCO2 
cycle without coupling heat source. Then, we summarized the key issues 
and solutions for sCO2 coal-fired power plant. In the end of this section, 
we highlight the major contribution of the present paper. 

The sCO2 cycle was proposed in 1950 s [7]. Feher [8] investigated 
the simple recuperated cycle (SC) in 1967, consisting of a turbine, a 
heater, a recuperator, a compressor and a cooler. He discussed the 
mismatch between hot side fluid and cold side fluid in the recuperator. 
This mismatch introduces large temperature difference in the recuper
ator to lower the thermal efficiency of the system. To overcome this 
issue, Angelino [9] proposed the recompression cycle (RC), by adding an 

auxiliary compressor and a regenerator in the system. Since 1960 s, sCO2 
was not paid much attention, until in 2003, Dostal [10] introduced the 
sCO2 cycle to nuclear power application. He noted that the thermal ef
ficiency of sCO2 cycle is higher than that of water-steam Rankine cycle 
with vapor temperature higher than 550 ◦C. Since then, many works 
have been done for sCO2 cycles driven by nuclear energy [11-13], solar 
energy [14-17], waste heat [18-20], nature gas boiler [21,22] and coal- 
fired boiler [23-25]. These works focus on the optimization of the effi
ciency. Dostal [10] and moisseytsev et al [26,27] thought that RC is a 
promising cycle for the fourth generation nuclear power plant. For 
concentrated-solar power (CSP) plant, air-cooling was discussed for heat 
rejection from the cycle to the environment [15,28,29]. The air-cooling 
causes higher temperature at the compressor inlet and increases the 
compression work. Hence, inter-cooling (IC) was recommended to 

Nomenclature 

B coal consumption rate, kg/s 
Bcal coal consumption rate except unburned, kg/s 
bg average standard coal consumption per kilowatt hour, g/ 

kW⋅h 
C component cost, $ 
CRF investment recovery factor 
cins the ratio of component materials and labor cost to 

component cost 
d diameter, m 
e specific exergy, kJ/kg 
er escalation rate over the years 
E exergy, kJelectricity generated, kW⋅h 
f friction coefficient 
G mass flux, kg/m2s 
h enthalpy per unit mass, kJ/kg 
I exergy destruction, MW 
l length of component, m 
m mass flow rate, kg/s 
P pressure, MPa 
Pr Prandtl number 
q heat absorption per unit mass flow rate, kW/kg; heat loss 

percentage of boiler, % 
Q thermal load, MW; heating value, kJ/kg 
Re Reynolds number 
r ratio of heating or electric consumption discounted rate 
s entropy per unit mass, kJ/kg; 
SP scaling parameter of components for economic evaluation 
T temperature, ◦C 
u plant utilization factor 
w output/ input work per unit mass, kJ/kg 
W output/ input work, MW 
x split ratio 

Greek symbols 
φ boiler heat retention coefficient 
Δ difference; absolute roughness of tubes, mm 
ΔP pressure drop, MPa 
η efficiency 
ρ density, kg/m3 

λ thermal conductivity, W/(m⋅K) 
ϕ the ratio of the volume of i-th species to the total flue gas 

volume 

Subscripts 
0 environment 
1, 2, 3… state points 

ar received basis of the designed coal 
ave average 
c high temperature side 
cal calculated value 
e electric power 
exg exhaust flue gas 
f fluid; friction 
j type of components 
fg flue gas 
fh fly ash after coal fired 
flame theoretical combustion 
h high temperature side 
i inner of tube; inlet of medium temperature flue gas heater; 

the i-th species 
net net power out put 
o outer of tube; outlet of medium temperature flue gas heater 
p pipeline 
sec secondary 
th thermal 

Abbreviation 
AP air preheater 
C1 the main compressor 
C1′, C2, C3 the auxiliary compressor 
CTB connect-top–bottom cycle 
DRH double reheating 
EAP external air preheater 
FC four compression cycle 
FGC flue gas cooler; a method to absorb residual flue gas heat 

which a flue gas cooler is arranged in boiler tail flue 
FGR flue gas recirculation 
HTR high-temperature recuperator 
IC intercooling 
LCOE levelized cost of electricity 
LHV lower heating value 
LTR low-temperature recuperator 
MTR mode-temperature recuperator 
OEU overlap energy utilization 
PFM partial flow mode 
RC recompression cycle 
RH reheating 
RH1, RH2, RH3, RH4 reheater 1, reheater 2, reheater 3, reheater 4 
SC simple cycle 
SH1, SH2 superheater 1, superheater 2 
T1, T2, T3 turbine 
TC tri-compression cycle 
TFM Total flow mode  
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reduce the compression work [30,31]. Reheating (RH) was suggested to 
increase the thermal efficiency of the sCO2 cycle [24,31]. Tri- 
compression sCO2 cycle (TC) uses three compressors for thermal- 
power conversion. Moisseytsev et al. [27] pointed out that TC may not 
have the higher efficiency than RC, due to additional compression work 
used. Jiang et al. [32] thought that the TC performance may be 
improved due to the improved temperature match across the two sides 
of heat exchangers during the heat recovery process. Sun et al. [33] 
introduced synergetics to construct multi-compressions sCO2 cycle. 
They reported that the thermal efficiencies are increased from 47.43% 
for RC to 49.47% for TC at the main vapor parameters of 550 ◦C/20 
MPa. 

Le Moullec [23] introduced the sCO2 coal-fired power plant in 2013, 
in which the RC + DRH cycle is integrated with a tower type boiler. The 
sCO2 coal-fired power plant was widely studied for a 1000 MWe ca
pacity in China [24,34]. The cycle becomes complicated when coupling 
with the boiler heat source. Key issues and solutions are summarized as 
follows. 

Flue gas energy absorption over entire temperature range (key 
issue 1): The distinct characteristic of boiler is that the flue gas energies 
over a wide range of temperature should be absorbed by the cycle. To 
achieve this target, flue gas cooler (FGC) was arranged in the tail flue to 
recover flus gas heat in low temperature range [35-37]. A portion of 
sCO2 stream is extracted from a lower temperature point of the cycle, 
flows through the FGC to absorb flue gas heat, and returns to a higher 
temperature point of the cycle. Such application maintains the exit flue 
gas temperature to an acceptable level, keeping higher boiler efficiency, 
but decreases the cycle efficiency due to more heat added to the cycle 
[24]. Sun et al [38] proposed a connected-top–bottom sCO2 cycle (CTB) 
to absorb flue gas energy over entire temperature range, in which flue 
gas energies in high, moderate and low temperature zones are absorbed 
by the top cycle, bottom cycle and air-preheater, respectively. Because 
the two cycles operate at different temperature zones, efficiencies exist 
between them. To fill the efficiency gap between the two cycles, Sun 
et al. [34] further proposed the overlap energy utilization (OEU) prin
ciple. An overlap zone in high flue gas temperature zone is set. Flue gas 
energy in this region is not only absorbed by the top cycle, but also by 
the bottom cycle. Hence, the overall system efficiency is optimized [34]. 

Pressure drop penalty effect (key issue 2): The flow rate of sCO2 
cycle is 6 ~ 8 times larger than that of steam Rankine cycle, causing 
extremely large pressure drop of boiler to decrease system efficiency, 
which is called the pressure drop penalty effect [24]. Large diameter 
(~100 mm) tubes of cooling wall decrease pressure drop [23,25], but 
worsen the heat transfer across the flue gas side and tube side, and in
troduces challenge in fabricating the cooling wall component [24]. Xu 
et al. [39] proposed the partial flow mode (PFM) to yield boiler module 
design, by which pressure drops for sCO2 cycle can be decreased to a 
similar level as those of water-steam Rankine cycle. 

Overheating of cooling wall (key issue 3): Compared with steam 
boiler, the inlet temperature of sCO2 is 200 ◦C higher than that of water, 

and the heat transfer coefficient in tubes is about 5 kW/m2K [40], much 
less than that of water. How to prevent the cooling wall from over
heating is a key issue of sCO2 boiler. Xiang et al [41] introduced flue gas 
recirculation (FGR) to reduce the furnace heat flux to decrease the 
cooling wall temperatures. Other efforts to suppress the cooling wall 
temperatures can be found in Refs. [42,43]. 

In summary, a practical sCO2 cycle driven by boiler is complicated 
due to the following factors: (1) flue gas energy should be absorbed over 
the whole temperature range, (2) the cycle shall eliminate the pressure 
drop penalty, and (3) the temperatures of cooling walls shall be main
tained in an acceptable level to keep the safety operation of the boiler. 
The solutions to overcome the above issues have been reported in the 
literature (see Table 1). It is noted that various references focus on the 
solution of specific issue. For example, Ref. [33] focusses on general 
sCO2 cycle analysis without coupling heat source. Refs. [24,39] focus on 
the discussion of using partial flow mode to decrease pressure drops of 
boiler. Refs. [23,34,37,38,44] focus on the analysis using FGC, CTB and 
OEU to absorb flue gas energies over the entire temperature range. Even 
though the above works are reported, a question which needs to be 
answered is that what is the efficiency limit and how to reach the effi
ciency limit? The major contribution (or say the novelty) of the present 
paper is to propose a roadmap to reach the efficiency limit for sCO2 coal- 
fired power plant. The roadmap is reflected in two levels. The first level 
considers general analysis of sCO2 cycle. By comparing the cycle per
formances of RC, TC, TC + RH, TC + DRH (double reheating), and TC +
DRH + IC consecutively, we conclude that TC + DRH + IC is applicable 
to reach the high efficiency of the system. The second level regards the 
sCO2 cycle coupling with the boiler heat source, in which the OEU is 
used to absorb flue gas energies over entire temperature range, and the 
partial flow mode is used to decrease the pressure drops of boiler. Be
sides, cooling wall temperatures are controlled in an acceptable level. 
Therefore, the proposed roadmap not only reaches the efficiency limit, 
but also solved the thermal–hydraulic issues that are distinct for sCO2 
cycle driven by the boiler heat source. 

The present work was divided into general sCO2 cycle analysis 
(section 2, Figs. 1-4) and practical sCO2 cycle analysis (section 3 and 4, 
Figs. 5-16). The proposed roadmap for efficiency improvement is to 
elevate average heat absorption temperature (Tave, h) and lower average 
heat rejection temperature (Tave, l). Results conclude TC achieves the 
second largest contribution for efficiency increment, after by the 
reheating technique. Then TC, DRH and IC are integrated as TC + DRH 
+ IC in the coal fired power plant. After that, practical sCO2 cycle are 
conducted. Key issues and corresponding solutions existing in practical 
sCO2 power plant are analyzed and reviewed first, and specific imple
mentation process in this paper is performed, then a numerical model is 
developed, subsequently, a comprehensive 1000 MWe sCO2 coal-fired 
power plant conceptual design is finished. At last, the energy-exergy- 
economic evaluation analysis is developed to investigate the perfor
mance of the system. This work is of great significance to clear the 
development potential of sCO2 coal-fired power plant. 

Table 1 
sCO2 cycle studies for coal-fired power plant reported in the literature.   

General cycle configurations Practical cycle configurations comments 

RC TC RH DRH IC FGC CTB OEU PFM TFM FGR 

Ref.[33] √ √ √ √        general approach for sCO2 cycle 
Ref.[24] √   √ √ √   √   practical sCO2 cycle analysis focusing on key issue 2 
Ref.[39] √  √     √ √ √  effect of power capacities focusing on key issue 2 
Ref.[38] √   √   √  √   sCO2 cycle analysis focusing on key issue 1 using CTB 
Ref.[34] √   √ √   √ √   sCO2 cycle analysis focusing on key issue 1 using OEU 
Ref.[44] √ √ √   √  √  √  sCO2 cycle analysis focusing on key issue 1 by comparing OEU and FGC 
Ref.[23] √   √  √      conceptual design of a coal-fired power plant with FGC 
Ref.[36] √  √   √      sCO2 cycle analysis focusing on key issue 1 using FGC 
Ref.[37] √  √ √  √      sCO2 cycle analysis focusing on key issue 1 using FGC 
This 

paper  
√  √ √   √ √  √ comprehensively using various strategies to reach the maximum efficiency of the 

power plant  
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2. Efficiency improvement for general sCO2 cycle 

RC cycle is the most classic sCO2 cycle, widely applied for various 
heat sources for its higher efficiency, consisting of two compressors (C1 
and C2), a turbine (T1), a low temperature recuperator (LTR) and a high 
temperature recuperator (HTR) (see Fig. 1a). Heat is added to the cycle 
via heater1 and heat rejection occurs in the cooler. Multi-reheating and 
multi-intercooling are adopted to raise the efficiency of Brayton cycle in 
literature, yet there is a lack of general approach. Inspired by the lack, 
Sun et al.[33] introduces synergetics to construct multi-compressions 
sCO2 cycle, which can be thought as a sCO2 Brayton cycle (A cycle) 
cooperating with another simple Brayton cycle SC. Such as TC (see 
Fig. 1b) can be thought as a RC cooperating with a SC. The SC dissipates 
extra heat to RC, not to environment, which ensures the SC to have an 
efficiency of 1. The internal heat recycling ensures TC to have an 
amplifying feedback. TC has two split-flow processes. It should be 
emphasized that the above conclusion is valid at optimal split ratio of 
flow, which also means that the two subsystems are cooperative to have 
no mixing induced exergy destruction. As the same way as TC, four- 
compressions sCO2 cycle (FC) is formed by adding SC to TC, however, 
the efficiency increment is more obvious from RC to TC than that from 
TC to FC [33], as well, increasing compression stages not only narrows 
the heat absorption temperature range of cycle, but also complicates the 
cycle configuration. Hence, considering a trade-off of cycle efficiency 
increment and the cycle configuration complexity, TC is considered an 

ideal choice for the sCO2 cycle power system. 
RH is called as CO2 is reheated in a heater before it enters the next 

turbine. As shown in Fig. 1c and 1d, the sCO2 cycles are TC + RH and TC 
+ DRH respectively, which TC + RH has two turbines of T1 and T2, TC 
+ DRH for three turbines of T1, T2 and T3. RH is a technique used to 
increase the expansion work. As well, RH elevates the average heat 
absorption temperature Tave,h to gain the efficiency increment. 

Intercooling (IC) is called as main compressor is divided into two 
compressors with an additional cooler between the two compressors. 
Fig. 1c shows TC + DRH + IC. An additional compressor C1′ and an 
intercooler are added between cooler and C1. IC is a technique used to 
decrease the compressor consumed power represented by reducing the 
enclosed P-v area. As the number of stages is increased, the compression 
process becomes nearly isothermal at the compressor inlet temperature. 
IC lowers the average heat rejection temperature Tave,l to gain the effi
ciency increment. 

This section compared the contribution of tri-compression, reheating 
and intercooling techniques for efficiency improvement. The roadmap 
of efficiency improvement for general sCO2 cycle is developed refer
enced to Carnot cycle. The general cycle analysis is helpful to develop an 
efficient concept design of practical sCO2 power plant. Assumptions is 
necessary to start general cycle analysis, which are summarized as 
follows. 

Pinch temperature difference is 10 ◦C in recuperators (LTR, MTR and 
HTR). Pressure drop in recuperators and heaters are neglected as it does 

Fig. 1. sCO2 cycle flow chart. (a) Recompression cycle (RC); (b) Tri-compression cycle (TC) which is replotted based on ref. [33], Copyright 2020, Elsevier; (c) Tri- 
compression plus reheating (TC + RH); (d) Tri-compression plus double reheating (TC + DRH); (e) Tri-compression plus double reheating and inter-cooling cycle (TC 
+ DRH + IC). 
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not influence the major conclusion of general analysis of sCO2 cycle. 
There are several mixing points in the cycle. No mixing-induced exergy 
destruction exists due to the same temperatures and pressures for mixing 
of different fluid streams. CO2 physical properties come from NIST 
software REFPROP, which is widely used for cycle analysis. 

Energy conservation and efficiency equations for various compo
nents of general sCO2 cycle are summarized in Table 2. The cycle 
computation procedure could refer to ref. [24] and [33]. The input 
parameters include CO2 temperature and pressure at turbine T1 inlet 
and main compressor C1 inlet, pinch temperature in recuperators, and 
isentropic efficiencies of compressors and turbines. Table 3 lists 
important parameters for general cycle computation. 

The efficiency of Carnot heat engine is the highest, of which all heat 
engines operating between the two thermal energy reservoirs at tem
peratures Tl and Th. Carnot efficiency refers to. 

ηth = 1 −
Th

Tl
(1) 

For a thermodynamic cycle with varied temperature of heating and 
cooling processes, Eq. (1) is modified as. 

ηth ≈ 1 −
Tave,h

Tave,l
(2) 

Where average heat absorption temperature Tave,h and the average 
heat rejection temperature Tave,l are determined by [34]. 

Tave,h =

∑N
i=1Qh,i

∑N
i=1ΔSh,i

=

∑N
i=1mi

(
hh,out,i − hh,in,i

)

∑N
i=1miΔsh,i

(3)  

Tave,l =

∑M
i=1Qc,i

∑M
i=1ΔSc,i

=

∑M
i=1mi

(
hc,out,i − hc,in,i

)

∑M
i=1miΔsc,i

(4) 

In Eqs. (3) and (4), Q is the heat transfer load, m is the mass flow rate 
of cycling fluid, i means the ith heating or cooling process, for example, 
56 is a heating process (i = 1), 5′6′ is heating process (i = 2), 5′ ′ ′6′ ′ is 
another heating process (i = 3) (see Fig. 1), N and M are the number of 
heating and cooling process, respectively, the subscript in and out 
represent inlet and outlet states for i-th process, the subscripts h and c 
mean heating process and cooling process, respectively. 

Fig. 2a shows that 15% efficiency gap is existed between RC and 
Carnot cycle at the main vapor pressure Pmv = 30 MPa. Fig. 2b shows the 
efficiency gap gradually decreases as the cycle configuration optimiza
tion path of TC, TC + RH, TC + DRH and TC + DRH + IC. Tave,h and Tave,l 
are used to explain the reason of efficiency increment. 

Fig. 3 shows the T-s figure of different cycles at 30 MPa/630 ◦C 
turbine T1 inlet conditions, Tave,h and Tave,l are marked using red and 
blue dotted line respectively. TC has Tave,h of 532.5 ◦C, which is larger 
than 509.1 ◦C of RC. Correspondingly, the cycle efficiency is increased 
from 51.40% of RC to 52.73% of TC. TC + RH has Tave,h of 578.6 ◦C, 
which is larger than 532.5 ◦C of TC at the same calculation conditions 
(see Fig. 3c), correspondingly, the cycle efficiency is increased from 
52.73% of TC to 55.05% of TC + RH. As the number of reheating stages 
is increased, Tave,h could be further elevated. Fig. 3d shows TC + DRH 
could obtain another 0.75% efficiency addition versus TC + RH. As 
shown in Fig. 3d and 3e, TC + DRH + IC has Tave,l of 39.6 ◦C, which is 
smaller than 46.4 ◦C of TC + DRH at the same calculation conditions, 
correspondingly, the cycle efficiency is increased from 55.80% of TC +
DRH to 56.73% of TC + DRH + IC. 

Fig. 4 compares the contribution for efficiency increment of TC, RH, 
DRH and IC, among which TC achieves the second largest contribution 
with 1.33% efficiency increment, after the reheating technique with 
2.32% efficiency increment. TC and RH is strongly recommended for 
practical applications. Besides, IC and DRH make the comparable effi
ciency increment of 0.93% and 0.75%, respectively, which are recom
mended to further increase the efficiency after RH and TC. In all, 
considering a trade-off of cycle efficiency improvement and the cycle 
configuration complexity, though 9% efficiency gap between TC + DRH 
+ IC and Carnot cycle existed (see Fig. 2b), it is not recommended to 
raise the cycle efficiency by increasing the number of compression, 
reheating and intercooling stages. 

3. The sCO2 coal-fired power plant 

3.1. Key issues coupled with boiler 

sCO2 coal-fired power plant is a complex system. Once sCO2 cycle is 
used for coal fired power plant, key issues are summarized as follows 
[24]. (i) It is difficult to recover the flue gas heat over a very wide 
temperature range of 1500–120 ◦C. (ii) Ultra-large pressure drop of sCO2 
boiler occurs to suppress system efficiency with conventional boiler 
design. (iii) Significantly higher inlet temperature of sCO2 boiler leads to 
the cooling wall over temperature. 

3.1.1. Flue gas energy absorption over entire temperature range 
In the paper, OEU was adopted to recover flue gas energy over entire 

temperature range. The specific implementation process of OEU is 
illustrated by the 1000 MW sCO2 coal-fired power plant, which both top 
cycle and bottom cycle apply TC + DRH + IC (see Fig. 5a and 5b), but an 
external air preheater (EAP) recycles extra heat of bottom cycle to the 
boiler. Fig. 5c shows the combine cycle after performing components 
sharing of top and bottom cycle. The components sharing technique is 

Fig. 2. sCO2 cycle for efficiency improvement. (a) Efficiency gap between 
Carnot cycle and RC; (b) Efficiency improved by adding compression, reheating 
and intercooling. 
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applied to simplify the system layout based on the similar CO2 pressures 
and temperatures in some components of the two cycles, For example, T6 
and T5′ across T1 in top cycle equal to T6b and T5′b across T1b in bottom 
cycle. Hence, T1b in bottom cycle can be combined into T1 in top cycle. 
Tfg,i, Tfg,o and Tfg,ex are called the interface temperatures among the 
three regions of flue gas energies. Heaters 1, 2, 3 and 4b are responsible 
for the extraction of high temperature flue gas energy. Heater 4a’, heater 
4a’’ and AP2 account for the extraction of moderate temperature flue 
gas energy. Low temperature flue gas energy is absorbed by AP1 only. As 
shown in Fig. 5c and 6d, two overlap zones are set in high and moderate 
temperature region, respectively. Overlap zone 1 covers the flue gas 
temperature range from Tfg,i + δ1 to Tfg,i, where δ1 is called the deviation 

temperature. Flue gas energy in this subzone is not only absorbed by top 
cycle, but also by bottom cycle, represented by heater 4b and heater 3. 
The overlap energy utilization ensures no efficiency gap between top 
cycle and bottom cycle. Fig. 5e shows the T-s curve of top cycle and 
bottom cycle. Overlap zone 2 covers the flue gas temperature range from 
Tfg,i to Tfg,i + δ2, flue gas energy in this subzone absorbed by heater 4a’ 
and AP2 with the parallel arrangement, which increases the capability to 
extract moderate/low temperature flue gas energy, decreasing outlet 
flue gas temperature and raising boiler efficiency [34]. 

3.1.2. sCO2 boiler module design 
The cycling mass flow rate m is scaled as m = Q/Δh, where Q is the 

Fig. 3. Average absorption temperature Tave,h and average release temperature Tave,l of different sCO2 cycle. (a) RC; (b) TC; (c) TC + RH; (d) TC + DRH; (e) TC +
DRH + IC. 
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rate of heat absorption and Δh is the specific enthalpy difference of 
working fluid entering and leaving a boiler. Because CO2 has much 
smaller Δh than water-steam under similar condition, m is significantly 
large, causing extremely large boiler pressure drop to decrease system 
efficiency, which is called the pressure drop penalty effect. To overcome 
this issue, many researchers considered using larger tube diameters to 
reduce pressure drop, but worsen the heat transfer across the flue gas 
side and tube side, and introduces challenge in fabricating the cooling 
wall component. Xu et al [24] proposed the PFM to yield boiler module 
design. Fig. 6 exhibits the two flow modes. Total flow mode (TFM) is a 
series connection mode. For PFM, The total flow rate is divided into two 
parallel lines, each having half tube length L/2 and half flow rate m/2, 
reducing pressure drop to 1/8 of that with the TFM. The total CO2 flow 
rate, total tube length, and total heat absorption of two modes remain 
constant. Fig. 5c shows the sCO2 cycle driven by a boiler with Heaters 1, 
2, 3, 4a and 4b. PFM is applied to yield boiler module design shown in 
Fig. 6. Heater1 in Fig. 5c, as the main heating process, is decoupled into 
two branches in parallel, each branch accounts for half flow rate, in 
which Part 1 and SH1 are connected with each other as one branch, Part 
2 and SH2 as the other branch. Similarly, Heater 2, as the reheating 
process, is decoupled into (Part 3 + RH1) and (Part 4 + RH2) two 
parallels. Heater 3, as double reheating process, is decoupled into RH3 
and RH4 in parallel connection. 

3.1.3. Flue gas recirculation 
For coal-fired boiler, when CO2 is used instead of water, significant 

change happens on the heat transfer performance. Such as, the tem
perature of CO2 entering the boiler furnace increases by 100–200 ◦C 
[41] and the heat transfer coefficient of sCO2 is only about 1/3 of that of 
water [41], which results in over-temperature of heating exchanger. 
Flue gas recirculation, extracting part of low temperature flue gas from 
tail flue to the furnace, is proposed to enhance the heat transfer and 
reduce the heat flux density of the furnace, which could relieve the heat 
transfer deterioration. Meanwhile, flue gas recirculation could also 
reduce the generation of thermal NOx and inhibit coke formation. The 
technique is adopted in this paper. Fig. 7 shows specific implementation, 
which a portion of low temperature flue gas is recirculated from the inlet 
of low temperature flue gas region, correspondingly inlet of AP1 in 
Fig. 5c, and send it to the furnace. 

3.2. Numerical model 

Fig. 9 shows the computation scheme, consisting of two subroutines. 
Once initial parameters are given (see Table 4), pressure drops in various 
heaters of boiler are assumed, then the thermodynamic cycle subroutine 
is called. Parameters of state points, components heat load/work, coal 

consumption rate and thermal efficiency are obtained after thermody
namic cycle subroutine finished. And then, distribute heat load of heater 
components in boiler to continue sCO2 boiler subroutine. Pressure drop 
in heaters are obtained and calculate residual value of pressure drops in 
Heaters 1, 2and 3. The iteration computation is stopped until the re
sidual value is smaller than a setting value. At last, the energy, exergy 
and economic evaluation is further conducted to analyze the system 
comprehensively. 

The coal-fired power plant is a very complicated system. All the 
calculation schemes are reflected as the source code built by the present 
authors using the Matlab software platform. The proposed system adopts 
TC + DRH + IC cycle configuration. Overlap energy utilization is uti
lized to recover the flue gas heat over the whole temperature range. The 
proposed cycle also integrates the module boiler design to suppress the 
pressure drop penalty effect, and the flue gas recirculation to keep the 
heater surface temperature in an accepted level. Following assumptions 
are made: (i) steady system operation; (ii) CO2 physical properties come 
from NIST software REFPROP, which is widely used for cycle analysis. 
(iii) no mixing-induced exergy destruction exists due to the same tem
peratures and pressures for mixing of different fluid streams. (iv) heat 
loss for boiler and pipe heat loss is considered, but neglected for other 
components. 

3.2.1. Computation of sCO2 cycle 
Thermodynamic parameters at various state points are calculated as 

Table 5. Fig. A1 in appendix shows the computation scheme of cycle 
thermodynamic calculation. TC has two split flow processes as the cycle 
consists of three compressors and three regenerators. Partial flow rate 
flows through each compressor are 1-xC2-xC3 in C1, xC2 in C2 and xC3 in 
C3. It should be emphasized that TC shows the best performance only at 
optimal split ratio of flow, the two subsystems are cooperative to have 
no mixing induced exergy destruction. The optimal split ratio are 
calculated as the following set of equations. 
⎧
⎨

⎩

xC1 = 1 − xC2 − xC3
(1 − xC2 − xC3)(h3 − h2) = (1 − xC3)(h9 − h10)

(1 − xC3)(h4 − h3) = (h8 − h9)

(5) 

The cycle computation needs to deal with overlap energy utilization. 
The flue gas energy is divided into high, moderate and low temperature 
region by two junction temperatures of flue gas, Tfg,i and Tfg,o. Specified 
by the pinch temperature difference, Tfg,i and Tfg,o are related to the CO2 
temperatures in tube side with Tfg,i⩾TCO2 + 40 and Tfg,o⩾TCO2 + 20 at 
corresponding points. Since part of recirculating flue gas with the ratio 
of xrec is extracted to send to the furnace, the flue gas flow rate flowing 
through high and moderate temperature region is scaled as 1+xrec 

(xrec=27% in the paper). Thermal load conservation of three regions are. 
⎧
⎨

⎩

φBcal(1 + xrec)
(
hflame − hfg,i

)
= Qheater1 + Qheater2 + Qheater3 + Qheater4b

φBcal(1 + xrec)
(
hfg,i − hfg,o

)
= Qheater4a + QAP2

φBcal
(
hfg,i − hfg,ex

)
= QAP1

(6)  

where h is the flue gas enthalpy, φ is the boiler heat retention coefficient, 
φ = 1-q5/(100ηboiler + q5), ηboiler is the boiler efficiency calculated by the 
anti-balance method and q5 is a component of heat loss due to heat 
dissipation to environment, which can be determined by Ref. [45]. Bcal is 
coal consumption rate except unburned, called calculated coal 
consumption. 

Bcal = B
(

1 −
q4

100

)
B =

qtotalmCO2

QLHVηboiler
(7)  

where B is coal consumption rate, q4 is a component of heat loss due to 
unburned carbon, qtotal is total heat absorption per unit mass flow rate of 
CO2, mCO2 is the total mass flow rate of CO2, QLHV is the low heating 
value of design coal per unit mass (see Table 6). 

Heater 4a is decoupled into heater 4a’ and heater 4a’’, arranged in 
the tail flue, to absorb the moderate flue gas energy. Qheater4a is. 

Fig. 4. Efficiency improvement of multi-compression, reheating and inter- 
cooling at the main vapor parameters of 30 MPa / 630 ◦C. 
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Qheater4a = xheater 4mCO2(h6 − h4) (8) 

Thermal efficiency ηth of the cycle is calculated as: 

ηth =
wnet

qtotal
(9)  

wnet = (wT1 + wT2 + wT3) − (wC1′ + wC1 + wC2 + wC3) (10)  

qtotal = (1 − xheater 4)(h6 − h5)+ xheater 4(h6 − h4)+ (h6′ − h5′ ) + (h6′′

− h5′′ ) − xEAP(h7 − h8) (11)  

mCO2 =
Wnet

wnet
(12)  

where wnet is net power per unit mass flow rate of CO2, xHeater4 is the 
ratio of flow rate in heater4a or heater4b to the total flow rate, xEAP is the 
ratio of flow rate in EAP to the total flow rate, Wnet is power capacity 
(Wnet=1000 MW in the paper). 

3.2.2. Computation of sCO2 boiler 
The proposed cycle driven by a boiler with heaters 1, 2, 3, 4a and 4b, 

in which heaters 1, 2 and 3 are decoupled into several heater compo
nents (see Fig. 6). The energy relationship are: 
⎧
⎨

⎩

Qheater1 = Qpart1 + Qpart2 + QSH1 + QSH2
Qheater2 = Qpart3 + Qpart4 + QRH1 + QRH2

Qheater3 = QRH3 + QRH4

(13) 

Fig. 5. sCO2 cycle based on overlap energy utilization. (a) top cycle; (b) bottom cycle; (c) combined cycle after components sharing; (d) overlap energy utilization, 
replotted based on Ref.[39]; (e) T-s curve of top cycle and bottom cycle. 
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Pressure drops in boiler tubes consists of components of friction 
(ΔPf), gravity (ΔPg) and acceleration (ΔPa). 

ΔP = ΔPf +ΔPg +ΔPa (14)  

ΔPf =

∫ zj

zj - 1

f
di

G2

2ρdz, ΔPg =

∫ zj

zj - 1

ρgdz, ΔPa = G2
(

1
ρo

−
1
ρi

)

(15)  

where G and ρ are the mass flux and density, respectively, f is the friction 
coefficient [46]. 

f =
1

3.24lg2
[(

Δ/di
3.7

)1.1
+ 6.9

Re

] (16)  

where Δ is the absolute wall roughness, Δ = 0.012 mm for stainless-steel 
tubes [47]. 

The boiler efficiency ηboiler is calculated by the anti-balance method 
[48]: 

ηboiler = 1 − (q2 + q3 + q4 + q5 + q6) (17)  

whereq2,q3,q4, q5 and q6 are the ratio of heat losses due to exhaust gas, 
unburned gases, unburned carbon, heat dissipation to environment and 
physical heat loss of ash to the input energy of coal.q3,q4, q5 and q6 
depend on boiler type and coal type (see Table 7 for specific values). q2 is 
the biggest among the five ratios of boiler heat losses, calculated as:[45]. 

q2 =
Q2

Qr
, Q2 = Bcal

(
hexg − hca

)(
1 −

q4

100

)
(18)  

where Q2 is the heat loss due to exhaust gas, hexg is the exhaust gas 
enthalpy per unit mass coal, hca is the air enthalpy per unit mass coal at 
environment temperature, Qr is the energy brought into boiler by coal, 
hot air and recirculating flue gas. 

Qr = Bcal
(
QLHV + hsec,ha + xrechfg,o

)
(19)  

where hsec,ha is the secondary air flow enthalpy after heated by AP1, EAP 

Fig. 6. Two flow modes. (a) total flow mode; (b) partial flow mode. This figure is cited from Ref. [39]. Copyright 2020, Elsevier).  

Fig. 7. sCO2 boiler module design. This figure is replotted and modified from Ref. [40.  
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and AP2. 
Fig. A2 in appendix shows the computation scheme of sCO2 boiler 

and its thermal–hydraulic characteristic. The iteration calculation of 
furnace outlet temperature Tfl is performed to obtain boiler geometry 
parameters. Heating components of sCO2 boiler includes both radiation 
modules and convective modules. The design methods are similar with 

water-steam boiler cited from Ref [49]. 

3.2.3. Exergy analysis 
The input exergy of system equals to the chemical exergy of coal 

[44]: 

Ecoal = BQLHV

(

1.0064 + 0.1519
Har

Car
+ 0.0616

Oar

Car
+ 0.0429

Nar

Car

)

(20) 

Car, Har, Oar and Nar are the ratios of C (carbon), H (hydrogen), O 
(oxygen) and N (nitrogen) on the received basis of designed coal, 
respectively (see Table 6). 

Specific exergy per unit mass flow rate is calculated as e = h − T0s, 
where T0 is the environment temperature, h and s are the enthalpy and 
entropy per unit mass flow rate. Exergy losses per unit mass flow rate in 
various components are shown in Table 5. The exergy loss in component 
j is Ij = mjij and the exergy balance equation can be expressed as. 
∑

Ein, j =
∑

Eout, j +Wj + Ij (21)  

where the expression on the left side of the equal sign is input exergy of 
component j, the output exergy is on the right side, consisting output 
exergy of CO2, output work Wj and exergy lossIj. 

Boiler is a complicated system, considering as a whole component, 
boiler exergy loss Iboiler is. 

Iboiler = Ecoal − Eout,boiler (22)  

Fig. 8. Flue gas recirculation.  

Fig. 9. Calculation scheme for the sCO2 system.  
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Eout,boiler = mCO2[(1 − xHeater 4)(e6 − e5) + xHeater 4(e6 − e4) + (e6′ − e5′ ) + (e6′′

− e5′′ ) − xEAP(e7 − e8) ]

(23) 

Considering the energy transfer and conversion in the boiler, Iboiler is. 

Iboiler = Icom + Iheaters + Imix + Iothers (24)  

where Icom is exergy loss caused by combustion, Iheaters is exergy loss of 
heater components, Imix is exergy loss in flue gas mixing process, Iothers is 
the exergy loss caused by boiler heat losses. 

Flue gas exergy efg is calculated as follows [44]: 

efg = hfg − T0sfghfg =
∑M

i = 1
ϕihi + hfhsfg =

∑M

i = 1
ϕisi + sfh (25)  

where sfg is the entropy of flue gas per unit mass of coal, hfh and sfh are 
enthalpy and entropy of fly ash after unit mass coal fired, M are the 
species of flue gas, including CO2, SO2, N2, O2, H2O steam, ϕi is the ratio 
of the volume of i-th species to the total flue gas volume. 

Exergy efficiency ηex of the system is: 

ηex =
Wnet

Ecoal
(26)  

3.2.4. Economic indicators 
In order to assess economic aspects of the system, two economic 

indicators have been considered, coal consumption for power supply 
(bg) and Levelized cost of electricity (LCOE). 

The component cost model is presented as [50]: 

Ck = akSPbk × fT,k (27)  

where k represents the component, Ck is the component cost, ak and bk 
are fit coefficients, SP is the scaling parameter, representing thermal 
heat duty for heaters and recuperators and shift power for compressors 
and turbines, fT,k is a temperature correction factor. Detailed cost cor
relation of components are shown in Table 8. 

Besides, materials and direct labor costs needed for installation of 
components should be added to the equipment cost, cins,k is the ratio of 
kth component materials and labor cost to component cost Ck, the values 
are evaluated by NERL (see Table 8) [50]. The total investment cost of 
components Ctotal is calculated as. 

Ctotal =
∑NC

k=1

(
1 + cins,k

)
Ck (28) 

bg refers to the average standard coal consumption per kilowatt hour, 
which can be calculated by the following formula [51]. 

Fig. 10. sCO2 power plant (TC + DRH + IC cycle, partial flow strategy to suppress pressure drops in various heaters, overlap energy utilization to absorb the whole 
range flue gas energy, main vapor parameters are 630 ◦C/35 MPa, 1000 MWe net power output, power efficiency ηe = 51.03%). 

Fig. 11. Distributions of flue gas temperature and thermal loads.  
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bg =
B ×

(
1 − rheating

)

Egen × (1 − rhouse)
(29)  

where rheating is the heating ratio, rhouse is auxiliary equipment electric 
consumption ratio, Egen is the electricity generated. 

LCOE refers to the ratio of the total cost to the total power output of 
the plant during its lifetime [52]. The total cost contains total invest
ment cost of components Ctotal, the operation and maintenance cost COM, 
and fuel cost Cf. CRF is the investment recovery factor related to the 
discounted rate r and the lifespan of equipment NY. Plant utilization 

factor u is 0.85 (see Table 9). The parameter OM denotes the operation 
and maintenance costs per kW⋅h and the coefficient er is the escalation 
rate over the years. [53]. 

LCOE =
CRF × Ctotal + COM + Cf

8760uWnet × NY
(30)  

CRF =
r(1 + r)NY

(1 + r)NY
− 1

(31)  

Fig. 12. Sankey diagram depicting the energy flowing through the coal-fired sCO2 power plant (The width represents the amount of energy, the length does not have 
physical meaning). 

Fig. 13. Thermal load distribution of various components for the system.  
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COM =
∑NY

m=1

1000Wnet(OM(1 + er)m
)

(1 + r)m (32)  

Cf = 8.76bgWnetu × NY (33)  

4. Results and discussion 

4.1. The 1000 MW sCO2 coal-fired power plant with the limit efficiency 

Fig. 10 shows the 1000 MW sCO2 coal fired power plant which 
reached the limit efficiency. The inlet and outlet temperature/pressure 
of each component is marked, and the thermal load/power is given. 
Anthracite coal was used, whose properties parameters are shown in 

Fig. 14. Sankey diagram depicting the exergy flowing through the coal-fired sCO2 power plant (The width represents the amount of exergy, the length does not have 
physical meaning). 

Fig. 15. Exergy destruction distributions in system components (a) and detail 
exergy destruction in boiler (b). 

Fig. 16. T-ΔH curve for heat exchangers (heater 4a’ and heater 4a’’) and air 
preheaters (AP1 and AP2) operating in moderate and low temperature flue 
gas region. 
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Table 6. The system adopted TC + DRH + IC cycle configuration which 
is recommended by general cycle analysis in section 2. TC is presented 
by LTR, MTR, C2 and C3, IC is presented by cooler 2 arranged between 
C1′ and C1, DRH is presented by T1, T2, T3 and heater modules between 
three turbines. Besides, overlap energy utilization is utilized to absorb 
the flue gas energy over the whole temperature range, which is pre
sented by heater4a, heater4b, AP1, AP2 and EAP. The proposed cycle 

also integrates the module boiler design to suppress the pressure drop 
penalty effect, heaters 1–3 are subdivided into ten modules. Pressure 
drops of three heaters are 0.6 MPa, 0.3 MPa and 0.14 MPa, respectively, 
which is even smaller than supercritical water-steam boiler [49]. The 
flue gas recirculation is used to keep the heater surface temperature in 
an accepted level, here, recirculating part of flue gas with the ratio of 
27% at the inlet position of the AP1 and sending it to the furnace. The 
total air flow rate after leaving AP1 is decoupled into two streams. The 
primary stream, accounting for 19%, directly returns to the furnace for 
combustion. The secondary stream, accounting for 81%, is continued to 
be heated by a portion of CO2 in EAP and a portion of moderate flue gas 
energy in AP2 consecutively and finally returns to furnace for combus
tion. AP2 and heater 4a’’ are arranged in parallel to further extract 
moderate/low temperature flue gas energy. At the main vapor param
eters of 630 ◦C/35 MPa, the thermal efficiency ηth is up to 54.43%. As 
the formula (34), Power efficiency ηe is the product of thermal efficiency 
ηth, boiler efficiency ηb and pipeline efficiency ηp, where ηboiler is 94.71% 
calculated by anti-method and ηp is a setting value to be 99% [24]. 
Finally, ηe is 51.03%, which is larger than 48.12% of the advanced su
percritical water-steam power plant [5]. Such efficiency improvement 

Table 2 
Energy conservation and efficiency equations for various components of sCO2 
cycle [24].  

Model Energy relations Subscripts explanation 

turbine ηt,s =
ht,in − ht,out

ht,in − ht,out,s
, Wt =

mt
(
ht,in − ht,out

)

t, in, out, s mean turbine, turbine 
inlet, turbine outlet, isentropic 

heater Qh = mh
(
hh,out − hh,in

)
h, in, out mean heater, heater inlet, 
heater outlet. 

recuperator mh
(
hh,in − hh,out

)
=

mc
(
hc,out − hc,in

)
h, c, in, out mean hot side, cold side, 
inlet, outlet. 

cooler Qc = mc
(
hc,in − hc,out

)
c, in, out mean cooler, cooler inlet, 
cooler outlet. 

compressor ηc,s =
hc,out,s − hc,in

hc,out − hc,in
, 

Wc = mc
(
hc,out − hc,in

)

c, in, out, s mean compressor, 
compressor inlet, compressor 
outlet, isentropic. 

thermal 
efficiency ηth =

Wt −
∑

Wc

Qh 

th, t, c, h mean thermal, turbine, 
compressor, heater.  

Table 3 
Parameters for generalized sCO2 cycle calculation.  

Parameters Values 

Inlet temperature of compressor 32 ◦C 
Inlet pressure of compressor 7.6 MPa 
Inlet temperature of turbine Tmv 630 ◦C 
Inlet pressure of turbine Pmv 30 MPa 
Isentropic efficiency of turbine [33] 93% 
Isentropic efficiency of compressors [33] 89% 
Pressure drop in regenerators and heaters [33] 0 MPa 
Pinch temperature difference of regenerators 10 ◦C  

Table 4 
Parameters for the 1000 MW sCO2 coal-fired power plant concept design 
[23,35,39,52].  

Parameters Values 

Cycle type Indirect 
boiler type Pulverized coal 

boiler 
Net power (Wnet) 1000 MWe 
Inlet temperature of compressor C1 and C1′ (T1′, T1) 32 ◦C 
Inlet pressure of compressor C1′ (P1) 7.6 MPa 
Inlet temperature of turbine T1, T2 and T3 (T6, T6′ and T6′’) 630 ◦C 
Inlet pressure of turbine T1 (P1) 35 MPa 
Isentropic efficiency of turbine T1 (ηT1,s) 91.58% 
Isentropic efficiency of turbine T2 (ηT2,s) 91.86% 
Isentropic efficiency of turbine T3 (ηT3,s) 92.39% 
Isentropic efficiency of compressors (ηC,s) 89% 
Pressure drop in regenerators (ΔP) 0.1 MPa 
Pinch temperature difference in LTR and MTR (ΔT) 8 ◦C 
Primary air temperature entering air preheater 31 ◦C 
Primary air temperature leaving air preheater 320 ◦C 
Ratio of primary air flow rate to the total air flow rate 19% 
Secondary air temperature entering air preheater 23 ◦C 
Ratio of secondary air flow rate to the total air flow rate 81% 
Environment temperature (T0) 20 ◦C 
Excess air coefficient (α) 1.2 
Ratio of low temperature flue gas recirculation (xrec) 27% 
Pinch temperature difference between flue gas and CO2 at 

point 5b (ΔT5b) 
40 ◦C 

Pinch temperature difference between flue gas and CO2 at 
point 4b (ΔT4b) 

20 ◦C  

Table 5 
Energy and exergy equations for compressors, turbines and heat exchangers of 
sCO2 cycle [39,44].  

Components Energy and exergy equations 

ηC,s =
h2′ s − h1

h2′ − h1
,wC1′ = (1 − xC2 − xC3)(h2′ − h1); 

iC1′ = wC1′ − (1 − xC2 − xC3)(e2′ − e1)

ηC,s =
h2s − h1′

h2 − h1′

,wC1 = (1 − xC2 − xC3)(h2 − h1′ ); 

iC1 = wC1 − (1 − xC2 − xC3)(e2 − e1′ )

ηC,s =
h10s − h3

h10 − h3
,wC2 = xC2(h10 − h3),iC2 = wC2 − xC2(e10 − e3)

ηC,s =
h9s − h4

h9 − h4
,wC3 = xC3(h9 − h4),iC3 = wC3 − xC3(e9 − e4)

ηT1,s =
h5 − h6

h5 − h6s
,wT1 = h5 − h6;iT1 = e5 − e6 − wT1 

P6′ =

̅̅̅̅̅̅̅̅̅̅

P2
5P7

3
√

,ηT2,s =
h5′ − h6′

h5′ − h6′ s
,wT2 = h5′ − h6′ ;iT2 =

e5′ − e6′ − wT2 

P6′′ =

̅̅̅̅̅̅̅̅̅̅

P5P2
7

3
√

, ηT3,s =
h5˝ − h6˝

h5˝ − h6˝s
,wT3 = h5′′ − h6′′ ;iT3 =

e5′′ − e6′′ − wT3 

T10 = T2 + ΔTLTR,(1 − xC2 − xC3)(h3 − h2) =

(1 − xC3)(h9 − h10);iLTR =

(1 − xC3)(e9 − e10) − (1 − xC2 − xC3)(e3 − e2)

T9 = T3 + ΔTMTR,xC3 = 1 −
h8 − h9

h4 − h3
;iMTR =

(e8 − e9) − (1 − xC3)(e4 − e3)

T8 = T4 + ΔTHTR,(1 − xEAP)(h7 − h8) = (1 − xHeater 4)(h5 − h4); 
iHTR = (1 − xEAP)(e7 − e8) − (1 − xHeater 4)(e5 − e4)

iCooler = (1 − xC2 − xC3)(e10 − e1)

P2′ =
̅̅̅̅̅̅̅̅̅̅
P1P2

√
,iIntercooler = (1 − xC2 − xC3)(e2′ − e1′ )
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Fig. A1. Computation scheme of thermodynamic cycle.  

Table 6 
Properties of the designed coal [44].  

Car Har Oar Nar Sar Aar Mar Vdaf QLHV  

61.70  3.67  8.56  1.12  0.60  8.80  15.55  34.73 23,442 

C (carbon), H (hydrogen), O (oxygen), N (nitrogen), S (sulfur), A (ash), M 
(moisture), V (volatile).Subscripts ar, d, af mean as received, dry and ash free, 
Car + Har + Oar + Nar + Sar + Aar + Mar = 100. 

Table 7 
Components of boiler heat loss.  

q4 q3 q2 q5 q6 ηboiler  

0.3 0  4.44  0.5  0.05  94.71  
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Fig. A2. Computation scheme of boiler design and thermal–hydraulic characteristics.  

Table 8 
Economic model of components [50].  

Components Economic model Installation Cost Percentage (%) 

Material labor 

Boiler 
Cboiler = 820800Q0.7327 × fboiler fboiler =

{
1 , Tmax < 550oC

1 + 5.4 × 10− 5(Tmax − 550oC)2
,Tmax⩾550oC 

50 

Recuperators 
Crecup = 49.45UA0.7544 × frecup frecup =

{
1 , Tmax < 550oC

1 + 0.02141(Tmax − 550oC)2
,Tmax⩾550oC 

2 3 

Coolers Ccooler = 32.88UA0.75 8 12 
Turbines 

Ctur = 182600W0.5561
tur × ftur ftur =

{
1 , Tmax < 550oC

1 + 1.106 × 10− 4(Tmax − 550oC)2
,Tmax⩾550oC 

8 12 

Compressors Ccom = 1230000W0.3992
com 8 12 

Generators Cgen = 108900W0.5463
e 8 12  
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saves 175.2 kilotons of coal and reduces 396.4 kilotons of CO2 emission 
for 1000 MW capacity in a fascial year. 

ηe = ηthηboilerηp (34) 

Fig. 11 shows cascade utilization of flue gas energy. The flue gas 
energy is divided into high, moderate and low temperature regions, with 
thermal loads 1718.6 MW, 219.4 MW and 302.3 MW, respectively. 
1783.3 ◦C represents the flame temperature, 603.1 ◦C and 435.0 ◦C are 
called interface temperatures among the three regions. Two overlap 
energy utilization zones are marked with bright color, with temperature 
range 662.7 ~ 603.1 ◦C and 603.1 ~ 513.0 ◦C, correspondingly thermal 
loads 81.1 MW and 118.8 MW. The exhaust flue gas temperature is as 
low as 120.0 ◦C. 

4.2. Energy balances of the sCO2 power plant 

As shown in Fig. 12, Sankey diagram is used to visualize energy 
flows, energy balances and energy losses of the sCO2 coal-fired power 
plant. The widths of the blocks and lines represent the amount of energy 
and the length doesn’t have physical meaning. Taking boiler as an 
example, the input energy contains three parts, chemical energy of the 
fuel, extra heat of bottom cycle carried by air, heat carried by sCO2 after 
absorbing the regenerative energy, respectively. The output energy en
ters the turbines except a few energy loss caused by exhaust flue gas. For 
turbine, input energy from boiler is converted to shaft work of turbines 
at first, and the rest is divided into two parts, most of which enter HTR 
and a small part into EAP. For recuperators, energy transfer and con
version take place inside the system, without work done, work 
consumed and energy loss. Fig. 13 shows the thermal load distribution of 
various components for the system. The power plants are divided into 
two parts: the boiler system and the power cycle. For 1000 MWe net 
power output, compressors consume 555 MW compression work. 
Thermal load of recuperators account for 3741 MW, which is 3.7 times 
of the net power output, indicating that sCO2 cycle is a highly heat re
covery system. Regarding the system as a whole, input energy, energy 
loss and output energy across the whole sCO2 cycle system are listed in 
Table 10. Chemical energy of the fuel is 1959.7 MW, as the only input 
energy. Electric power output is 1000 MW as the only output energy, 
accounting for 51.03%, which is the power generation efficiency of the 
system. Energy losses in boiler, coolers and pipeline are 103.7 MW, 
837.3 MW and 18.6 MW, respectively, among which the highest energy 
loss occurs in coolers, accounting for 42.73%. 

4.3. Exergy balances of the sCO2 power plant 

Exergy flows through the coal-fired sCO2 power plant are marked in 
Sankey diagram shown in Fig. 14. Similar to Sankey diagram of energy, 
the widths of the blocks and lines represent the amount of exergy and the 
length don’t have physical meaning. Input exergy, exergy loss and 
output exergy across the whole sCO2 cycle system are listed in Table 11. 
The only exergy input of the power plants is 2008.1 MW from chemical 
energy of the fuel. The only exergy output is considered to be the work 
output of 1000 MW. Thus, the exergy efficiency of the power plants is 
49.80%. Different from energy loss only existing in boiler, coolers and 
pipeline (see Fig. 12), exergy loss occurs in any component, totally 
1008.15 MW. For the coolers, the exergy destruction is 57.48 MW, only 
accounting for 2.86% of total exergy inputs, far less than 42.73% of 
energy loss. The largest exergy destruction exists in the boiler, which 
account for approximately 40.50% of total exergy inputs and 80.68% of 
total exergy destruction and loss (see Fig. 15(a)). As shown in Fig. 15(b), 
the exergy loss in boiler contains four parts: (i) Combustion process, 
converting chemical energy into thermal energy, accounting for 56.47% 
of boiler exergy loss. (ii) Mixing process between the low temperature 
recirculation flue gas and high temperature combustion flame. (iii) Heat 
transfer process with temperature difference between flue gas and CO2 
in tubes. Fig. 16 shows the heat transfer process in the tail flue. (iv) 
Energy loss process due to exhaust gas and heat dissipation to 
environment. 

4.4. Economic analysis of the sCO2 power plant 

Economy is an important aspect to enhance market competitiveness 
of the sCO2 power plant besides plant efficiency, which will accelerate 
the commercialization of sCO2 power cycles in general. Table 12 lists the 
equipment cost share percentage. For 1000 MW capacity, the total cost 
consumption of equipment is estimated to reach 1459.85 M$, combining 
with the labor and materials installation costs, which is higher than the 
traditional steam power plant. But over an entire 30 years lifetime of the 
power plant, the levelized cost of electricity (LCOE) is 36.58 $/MWh 
(see Table 13) for sCO2 power system, which is lower than the water- 
steam system [52]. Besides, coal consumption of the sCO2 power sys
tem for power supply bg is 244.31 g/kWh with the reason that the 
electric generation efficiency ηe is higher to 51.03%. 

Regenerator is recognized as key technology for the development of 
sCO2 cycle [50]. The lower pinch temperature of regenerators is 
selected, the higher plant efficiency is and more expensive the plant is 
due to the increase of surface area and fabrication difficulty [50]. 
Among all the components cost estimation shown in Table 12, the pro
portion of regenerators is the largest, accounting for 48.47%. Besides, 
boiler accounts for about 29.25% of the power plant costs, coolers ac
counting for about 2.82%, turbines and compressors accounting for 
another 5.5%, and the other auxiliary equipment accounting for about 
13.19%. 

Table 9 
Assumed values for economic analysis.  

Parameter values 

O&M operations OM ($/kWe)  30.00 
O&M escalation rate er (%)  3.00 
Plant lifetime NY (years)  30.00 
Plant utilization factor u (%)  0.85 
Discount rate r (%)  12.00 
coal price ccoal ($/t)  119.56  

Table 10 
Input energy, energy loss and output energy across the whole sCO2 cycle system.  

Items Energy/MW Ratio/% 

Input energy   
Fuel  1959.7 1 
Energy loss   
Boiler  103.7 5.29% 
Coolers  837.3 42.73% 
Pipe  18.6 0.95% 
Output energy   
Electric power output  1000.0 51.03% 
Energy efficiency  51.03%   

Table 11 
Input exergy, exergy loss and output exergy across the whole sCO2 cycle system.  

Items Energy/MW Ratio/% 

Input exergy   
Fuel  2008.1 1 
Exergy destruction and loss   
Boiler  813.3 40.50% 
Turbines  47.9 2.38% 
Compressors  37.9 1.89% 
Recuperators  51.5 2.57% 
Coolers  57.5 2.86% 
Output exergy   
Electric power output  1000.0 49.80% 
Exergy efficiency  49.80%   
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5. Conclusion 

Following conclusions can be drawn based on the present study:  

1) The roadmap to reach the efficiency limit for sCO2 coal-fired power 
plant is proposed, reflected in two levels. The first level considers 
general analysis of sCO2 cycle. By comparing the cycle performances 
of RC, TC, TC + RH, TC + DRH, and TC + DRH + IC, we conclude 
that TC + DRH + IC is applicable to reach the high system efficiency. 
The second level regards the sCO2 cycle coupling with the boiler. It is 
concluded that OEU successfully absorbs flue gas energies over entire 
temperature range, and the partial flow mode is applicable to 
decrease pressure drops of boiler.  

2) For comprehensive utilization of TC + DRH + IC, RH and TC 
contribute the first and second largest contribution to increase the 
system efficiency. IC and DRH make similar contribution for effi
ciency improvement. More stages compressions beyond 3 are not 
recommended, because the efficiency improvement is limited but 
increases the system complexity when the compressions stages are 
beyond three.  

3) At the main vapor parameters of 35 MPa/630 ◦C, the proposed cycle 
attains the thermal efficiency of 54.43%. The electricity efficiency is 
51.03%, which is higher than 48.12% for a supercritical water-steam 
power plant at the same capacity. Such efficiency improvement saves 
175.2 kilotons of coal and reduces 396.4 kilotons of CO2 emission in 
a fascial year.  

4) For 1000 MWe net power output, compressors consume 555 MW 
compression work. Thermal load of recuperators account for 3741 
MW, which is 3.7 times of the net power output, indicating that sCO2 
cycle is a highly heat recovery system.  

5) For the proposed system, over an entire 30 years lifetime of the 
power plant, the levelized cost of electricity (LCOE) is 36.58 $/MWh, 
and the coal consumption for power supply bg is 244.31 g/kWh. The 
LCOE and bg are significantly lower than those of water-steam 
Rankine cycle power plant. This comparison indicates better 

economic feature of the sCO2 power plant than water-steam power 
plant. 
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