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A B S T R A C T   

The supercritical carbon dioxide (sCO2) coal-fired power generation system has received great attention, but its 
economic characteristic is not well understood. Here, we present an economic comparison when using the sCO2 
power cycle and the water-steam Rankine cycle. The triple-compression sCO2 cycle is adopted, incorporating 
overlap energy utilization over entire flue gas temperature range, intercooling and double reheating techniques. 
The heat-resistant steel materials of boiler are carefully selected to ensure its safe operation. The cost models of 
sCO2 boiler and recuperator are paid more attention. We show that the sCO2 power system attains the net power 
generation efficiency of 49.01%, which is higher than 48.12% for the advanced water-steam Rankine cycle 
system. Compared with water-steam system, the cost of sCO2 turbine decreases by 30.0%, but the cost of sCO2 
recuperator seems to be one magnitude larger than that of USC heater, the cost of sCO2 boiler increase by 36.3%. 
Hence, the whole sCO2 power system increases the specific cost by 29.0%. Over an entire 30 years lifetime of the 
power plant, the levelized cost of electricity (LCOE) is 60.56 $/MWh for sCO2 power system, which decreases by 
1.32% compared to water-steam system. Therefore, we declare that even though the fabrication cost increases, 
the sCO2 power system is preferable to the water-steam system. The specific cost of the sCO2 power system can be 
further decreased by optimization of the recuperator, which is a key component in the system.   

1. Introduction 

The electricity industry is the largest source of carbon emissions. The 
world’s electrical generation from coal-fired share accounted for 36.4% 
of the total electrical generation in 2019. Coal-fired power will still one 
of the main sources of electrical generation in the foreseeable future [1]. 
The demand for clean and efficient coal-fired power generation tech-
nology to reduce CO2 emission, making sCO2 coal-fired power genera-
tion system has attracted widespread attention [2,18]. Compared with 
the conventional water-steam Rankine cycle, sCO2 power cycle has 
obvious advantages in terms of efficiency [3], compactness [4], and 
corrosion resistance [5]. Therefore, the sCO2 power cycle can be an 
excellent alternative to steam Rankine cycle for the future power gen-
eration. Regarding current researches, most of them focus on the 
different cycle layouts thermodynamic performance of the sCO2 coal- 
fired power generation system [6–9]. The economy of the overall sys-
tem has not been fully studied, which needs to be verified. 

In the economic evaluation field of sCO2 coal-fired power generation 
systems, Moullec [10] first mapped out the design of a sCO2 coal-fired 
power plant with a carbon capture system, and conducted a sensitivity 
analysis of main component. It found that the cost of the boiler is the 
most important factor governing the total cost. Mecheri et al. [11] 
combine the power generation system optimization and economic 
evaluation, indicating that the single thermodynamic performance 
analysis is not sufficient to get the best economic solution. Park et al. 
[12] evaluated the power generation efficiency and levelized cost of 
electricity of several sCO2 power cycle systems proposed by EDF, KIER 
and IAE, and the heat exchanger cost estimation adopts the calculation 
method proposed by KIER. Li et al. [13] did a full life cycle assessment of 
a 1000 MW-class sCO2 coal-fired power plant, showing that sCO2 coal- 
fired power generation system is more environmentally friendly when 
discussing both energy consumption and environmental pollution. Zhu 
et al. [14] used the weighted mass method to evaluate the cost of sCO2 
coal-fired boiler, which can reflect the boiler cost characteristics to a 
certain extent, and analyzed the economics of sCO2 coal-fired units using 
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the levelized cost of electricity. 
In the above-mentioned available studies, researchers explored the 

economics of sCO2 coal-fired power generation system from various 
aspects. However, these studies still lack consideration of some key is-
sues faced by the sCO2 coal-fired power generation system. For example, 
the effect of large mass flow in boiler and high inlet temperature of 
furnace on sCO2 boiler design and cost estimate, the influence of 
tremendous recuperative heat and smaller heat transfer temperature 
difference on the recuperator cost, and the effect of cycle layout on 
thermal efficiency etc. Apparently, these prerequisites will have a 
tremendous impact on system economic evaluation. Furthermore, 
compared with the latest turbine and recuperator cost models given by 
DOE [15], the old version overestimated the turbine cost, and the esti-
mate of the recuperator cost was significantly lower, which is not meet 
the present sCO2 coal-fired power generation system economic evalua-
tion. Owing to these problems, the previously completed evaluations are 
unable to reflect the actual economy of sCO2 coal-fired power genera-
tion system. 

The present paper fills the knowledge gap in the comprehensive 
assessment of the economics of the sCO2 coal-fired power generation 
system, and evaluates the power generation system from part to whole. 
The improved economic evaluation will consider the key issues faced by 
the sCO2 coal-fired power generation system. In this study, the triple- 
compressions sCO2 coal-fired power generation system based on over-
lap energy utilization (TCO) is discussed to resolve the large mass flow 
rate in boiler and the residual flue gas heat extraction [16,17,19], and a 
detailed cost model of sCO2 boiler is constructed. The economic feasi-
bility of TCO is quantitatively evaluated and compared with USC. 
Finally, through the sensitivity analysis of key economic factors, the unit 
economy is evaluated qualitatively. According to these analyses, the 
direction of improving the economy of sCO2 cycle is pointed out. 

2. Description of research cycle 

2.1. sCO2 coal-fired power generation system 

For the application of sCO2 coal-fired power generation system, 
facing two main problems. First, the mass flow of sCO2 power cycle is 6 
~ 8 times larger than that of steam-water Rankine cycle, which results in 
non-acceptable pressure drop of boiler. Second, the sCO2 power cycle is 
more suitable for medium and high temperature heat source. The flue 
gas temperature of boiler spans a wide temperature range from 1600 ◦C 
to 120 ◦C, so it is hard to achieve entire temperature range heat ab-
sorption of flue gas by a single sCO2 power cycle. The present paper 
takes the TCO as the research object of sCO2 power cycle. The following 
efficiency improvement strategies are adopted in TCO. 

The system uses a three-stage compression to improve the cycle heat 
recovery effect [17]. By analogized with multi-stages steam extraction of 
water-steam Rankine cycle, a multi-compressions of sCO2 power cycle is 
proposed to achieve the efficiency limit for cycle. Based on synergetics, 
RC is decoupled into two SCs. At optimal split ratio of flow rate, the two 
subsystems are cooperative to have no mixing induced exergy destruc-
tion and acceptable heat transfer induced exergy destruction, yielding 
the improved performance of RC than a single SC. Further, the TC is 
constructed by cooperation between RC and SC. At the main vapor pa-
rameters 620 ◦C/30 MPa, TC has the efficiency 52.54%, which is larger 
than 51.55% for RC, showing apparent efficiency amplifying. It should 
be emphasized that the compression stages is not infinite, the maximum 
stage of compressions is determined by the main vapor parameters. 

The intercooling and reheating arrangement makes the cycle closer 
to Ericsson Cycle, which can reduce the power consumption of 
compressor or increase turbine output. When the turbine inlet pressure 
is high, the intercooling arrangement has obvious advantages. Mean-
while, the double-reheating arrangement has widely used in water- 
steam coal-fired power plant. Thus, the intercooling and double 
reheating are adopted in sCO2 cycle. 

The overlap energy utilization principle is adopted to efficiently 
absorb the residual heat from the tail flue. To solve the problem of boiler 

Nomenclature 

bg coal consumption for power supply, g⋅(kWh)− 1 

B coal mass, t 
cp specific heat capacity, J⋅(kg⋅K)− 1 

C compressor 
C cost, $ 
CW cooling wall 
d diameter, m 
D heating surface weight, t 
E electricity generated, kWh 
EAP external air preheater 
FCI fixed investment cost, $ 
g acceleration of gravity, m⋅s− 2 

G mass flow rate, kg⋅(m2⋅s)− 1 

h enthalpy per unit mass, kJ⋅kg− 1 

H tube height, m 
HTR high temperature regenerative heat exchanger 
lp perimeter length of furnace, m 
LTR low temperature regenerative heat exchanger 
LCOE levelized cost of electricity, $⋅(MWh)− 1 

m mass flow, kg⋅s− 1 

MTR moderate temperature regenerative heat exchanger 
N number of devices 
P pressure, MPa 
Q thermal load, W 

q thermalload of furnace, W⋅m− 2; heat absorption per unit 
mass flow rate, kJ⋅kg− 1 

RC recompression cycle 
s distance between center of two neighboring tubes, m 
S area, m2 

sCO2 supercritical carbon dioxide 
SC specific cost, $⋅(kW)− 1 

SC simple Brayton cycle 
T temperature, ◦C 
T turbine 
TC tri-compressions cycle 
TCO triple-compressions sCO2 coal-fired power generation 

system based on overlap energy utilization 
USC ultra-supercritical water-steam coal-fired power 

generation system 
w output/ input work per unit mass, kJ⋅kg− 1 

W work, MW 
x split ratio from the total mass flow rate 
ρ density, kg⋅m− 3 

λ thermal conductivity, W⋅ (m⋅K)− 1 

Subscript 
f working fluid 
i inner or number 1, 2, 3… 
o outer  
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flue gas heat absorption in entire temperature range, a connected-top-
–bottom-cycle is proposed based on cascade energy utilization and 
parameter coordination principles. The flue gas heat in high, moderate 
and low temperature scope are extracted by top cycle, bottom cycle and 
air preheater, respectively. Furthermore, in order to solve the drawback 
of efficiency gap between the top cycle and the bottom cycle when use 
the cascade energy utilization, the overlap energy utilization is yielded. 
By setting an overlap heat absorption region in high temperature flue 
gas, the bottom cycle can absorb part of the heat in this zone. On the 
premise of unchanged the efficiency of the top cycle, the efficiency gap 
between the top cycle and the bottom cycle is filled, the whole system 
efficiency is improved [16]. 

The partial flow applied to sCO2 boiler to decrease the flow resis-
tance [19]. The boiler partial flow means that separate the total mass 
flow of working fluid into two parts having identical mass flow for each, 
and then they flow through different heating surfaces of the boiler. 
Under the condition that the total mass flow and enthalpy increase 
unchanged, the partial flow mode reduces the pressure drop to 1/8 of 
the total flow mode. The results show that sCO2 boiler pressure drop can 
be equivalent to or even smaller than that for USC boiler. For tube wall 
temperature control of boiler, the heat load matching strategies used for 
sCO2 boiler to reduce tube temperature of the boiler. It means working 
fluid enters from the place where the heat load is higher in the furnace. 

Through the combination of the above innovations, constructed 
cycle efficiency represents the maximum level of sCO2 coal-fired power 
generation system, which can be used for comparative study with 
advanced USC. With vapor parameters 600 ◦C/620 ◦C/620 ◦C/31 MPa, 
TCO power generation efficiency can reach 49.01%, showing superior-
ities over water-steam Rankine cycle [20–21]. 

The system layout is shown in Fig. 1. The working process of the 
cycle is that the supercritical carbon dioxide is split at the outlet of the 
low-pressure side of MTR, part of the working fluid enters the low- 
pressure side of LTR, and the other part enters compressor 4 (C4). The 
working fluid entering the LTR is further diverted at the low-pressure 
side outlet of the LTR, and partially into the cooler 1, C1, cooler 2, 
and C2 in turn, and then enters the high-pressure side of the LTR, and the 
other portion enters the C3, after being compressed by C3, it merges 
with the working fluid at the high-pressure side outlet of the LTR and 
enters the MTR. At the exit of MTR, it merges with the working fluid 
compressed by C4 and then diverges. One part enters HTR and the other 
part enters HTR2. The working fluid entering HTR enters heater1 to 
absorb heat, and the other part enters heater4a and heater4b through 
the high-pressure side of HTR2. And then merges with the working fluid 

at the exit of heater1, the combined working fluid enters T1, heater2, T2, 
heater3, and T3 in turn, and then splits again at T3 outlet. One of them 
enters the low-pressure side of HTR, and the other enters the low- 
pressure side of EAP and HTR2. The two working fluids enter the MTR 
after converging at the outlet of the low-pressure side exit of HTR, then, 
the working fluid completes a cycle. 

2.2. Advanced ultra-supercritical water-steam coal-fired power 
generation system 

The 1000 MW double-reheating USC unit in the Laiwu Power Plant 
evaluated at present work is shown in Fig. 2. A new 10 feedwater heater 
configuration (four HP heater, one deaerator, five LP heater, and one 
two-stage steam condenser) are adopted in the unit to improve effi-
ciency. After the 10 heaters, the economizer inlet feedwater temperature 
is 319 ◦C. For conventional USC boilers, the heating surface pattern is 
total flow mode. All working fluid enters the furnace, and then passes 
through the economizer, water wall, superheater and reheater to absorb 
heat. The steam parameters of Huaneng Laiwu Power Plant are 600 ◦C/ 
620 ◦C/620 ◦C/31 MPa, and the power generation efficiency reaches 
48.12% [20], representing the highest efficiency of the double-reheating 
USC unit currently in operation. 

3. Calculation method 

3.1. Thermodynamic calculation of sCO2 power cycle 

In this study, thermodynamic analysis and modeling are performed 
using FORTRAN, NIST REFPROP was used for working fluid physical 
property database. Fig. 3 shows the computation scheme. Table 1 lists 
important parameters for TCO cycle computation in this paper. Shown 
in Fig. 1, once thermodynamic parameters at various state points are 
obtained, net power per unit mass flow rate of CO2 (wnet), heat ab-
sorption per unit mass flow rate of CO2 (qtotal) are 

wnet = (wT1 + wT2 + wT3) − (wC1 + wC2 + wC3 + wC4) (1)  

qtotle = (1 − xHeater4)(h8 − h7)+ xHeater4(h8 − h6b)+ (h10 − h9)+ (h12

− h11) − xEAP(h13 − h13b) (2)  

where xHeater4 is the ratio of flow rate in Heaters 4a and 4b to the total 
flow rate, xEAP is the ratio of flow rate in EAP to the total flow rate. 

The overall system thermal efficiency (ηth), which is defined as the 

Fig. 1. Triple-compression sCO2 coal-fired power generation system with overlap energy utilization (TCO).  

J. Xu et al.                                                                                                                                                                                                                                       



Energy Conversion and Management 238 (2021) 114150

4

ratio of wnet and qtota, is adopted here to evaluate the thermodynamic 
performance and is represented as: 

ηth =
wnet

qtotle
(3)  

3.2. Coupling calculation of sCO2 boiler 

Given the boundary conditions of the cycle, the boiler calculation 
model is obtained through the coupling of furnace thermal calculation 
and cooling wall aerodynamic calculation [16,17,19,22]. Based on 
coupling model, structural parameters and layout of the boiler cooling 
wall are determined, the pressure drop of the working fluid on the 
furnace side is calculated, and the tube wall temperature of cooling wall 
is checked. The influence of the unevenness of the heat load along the 
furnace width and furnace depth is ignored, and the one-dimensional 
heat transfer model along the furnace height is used. 

The average heat flux of furnace is 

qave = QFUR/SFUR (4)  

where QFUR and SFUR are thermal load and heat transfer area in furnace. 
When the thermal load non-uniform coefficient (ηi) along the height of 
the furnace is provided, the thermal load distribution along the height 
direction (q) in the furnace is: 

q = qave⋅ηi (5) 

According to the furnace thermal calculation, the thermal load dis-
tribution in the furnace can be determined, and the tube height of each 
part of the cooling wall can be obtained by energy conservation calcu-
lation. As the thermal load and the physical properties of the working 
fluid in the tube are constantly changing along the furnace height, the 
CW module is uniformly discrete along the furnace height into n micro- 
element calculations [22]: 
{∑H(i)q(i)lp = cpmf(Tout − Tin)

H =
∑

H(i)
(6)  

where H, q, p, cp, m, Tout, Tin are tube height, heat flux, perimeter length 
of furnace, working fluid specific heat capacity, mass flow in each tube, 
outlet and inlet temperature of CW in section i. 

The thickness of the tube is calculated and determined according to 
China’s current national standards for water boilers [23]: 

δ =
Pdi

2φmin[σ] − P
+ c (7) 

In Eqs. (7), P is the calculated working fluid pressure; di is the tube 
inside diameter, [σ] is the allowable stress of metal, φmin is the minimum 
attenuation coefficient, taken as 1, c is the additional thickness. 

When the working fluid flows in the tube, its pressure drop is 
generally composed of four parts, which are frictional pressure drop, 
local resistance pressure drop, gravity pressure drop and accelerated 
pressure drop. Since the acceleration pressure drop is relatively small 
and can be ignored, the total pressure drop of the tube can be written as: 

ΔP = ΔPf +ΔPjb +ΔPg (8) 

Equations (9) and (10) are pressure drop due to the gravity and 
friction, where ρ is the working fluid density, g is the acceleration of 
gravity, l is the length of the tube, G is the mass flow rate, the friction 
factor f is calculated according to Filonenko formula [24], Where Re is 
the Reynolds number. 

ΔPg = ρfgH (9)  

ΔPf =
1
2

f
l
di

G2

ρf
(10)  

f =
1

(
1.82lgRef − 1.64

)2 (11) 

Various tube fittings such as elbows and valves are installed in the 
pipeline system. When fluid flows through these tube fittings, a local 
resistance pressure drop occurs, which is mainly determined by exper-
iments. When calculation involves the local resistance pressure drop, the 
program calculation only includes the main local resistance pressure 
drop. Then there is 

ΔP =
1
2

G2

ρf

(
l
di

1
(
1.82lgRef − 1.64

)2 + ξjb

)

+ ρfgH (12)  

R =
l
di

1
(
1.82lgRef − 1.64

)2 + ξjb (13)  

where ξjb is the local resistance coefficient, R is the converted resistance 
coefficient. 

The sCO2 temperature in the cooling wall is relatively high, and it is 
always far away from the pseudo-critical area. The physical properties of 
the working fluid change smoothly, which is similar to a constant 
physical properties fluid. Thus, D-B formula [25] is used to calculate the 
working fluid convective heat transfer coefficient αf, 

Fig. 2. State of the art ultra-supercritical water-steam coal-fired power generation system (USC) of Huaneng Laiwu.  
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Fig. 3. Calculation process of sCO2 economic evaluation.  
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αf =
λf

di
0.023Re0.8

f Pr0.4
f (14) 

In Eqs. (14), λ is the thermal conductivity, Pr is the Prandtl number. 
Under the given heat load distribution, the temperature of the inner and 
outer walls of the cooling wall (Ti and To) is calculated by Fourier’s law 
[26]. The equivalent heat flux qequiv is related to the outer surface of the 
tube and can be determined by the following relationship. The calcu-
lated tube wall temperature Tc used for strength calculation and tube 
steel selection is showed in Eqs. (18) [27] 

Ti = Tf +
qequiv⋅do

di⋅αf
(15)  

To = Ti +
qequiv⋅do

2λ
ln

do

di
(16)  

qequiv =

q⋅
(

s − do + π⋅do
2

)

πdo
(17)  

Tc =
Ti + To

2
(18)  

3.3. Model validation 

Since there are no test data for the temperature field of the sCO2 
boiler cooling wall, the operating data of a supercritical water-steam 
boiler in a Poland power plant are used to verify the accuracy of the 
proposed mathematical model [29]. The detailed design parameters of 
the boiler are listed in Table 2. In the validation, the steady-state data in 
the literature are used for calculation. The heat load distribution along 
the height direction of the tube is consistent with the literature, and the 
convective heat transfer coefficient is the same as the formula in the 
original literature. Fig. 4 shows the mainstream temperature of the 
working fluid Tf and the temperature of the inner and outer walls along 
the length of the tube. The solid line represents the calculation results, 
and the solid dots represent the data in the reference. It can be seen that 
the calculation results in this study are qualitatively matched with the 
data reported in the literature, the wall temperature deviation is less 
than 1.86 ◦C, and the main stream temperature deviation is less than 
2.48 ◦C. Therefore, the calculation model in this paper is reasonable and 
reliable. 

3.4. Cost estimation for sCO2 coal-fired power generation system 

The cost of the boiler is determined by the weight and price of 

various heat-resistant steel. Where D is the heating surface weight, p is 
the steel price ratio (based on the price of T91 steel, see Table 3) [30,31], 
CBW is the price of the traditional ultra-supercritical water-steam coal- 
fired boiler. 

CBS - CO2 = CBW

∑
pS - CO2,i⋅DS - CO2,i
∑

pUSC,i⋅DUSC,i
(19) 

Up to date, the structural parameters of the double-reheating USC 
unit boiler are hard to obtain such as tube formats, tube material, etc., 
which makes the absence of reference information. The calculation of 
the sCO2 boiler cost is based on the available data for single-reheating 
USC boiler. The cost of single-reheating water boiler is closed to 
double-reheating. Table 5 shows the heating surface structural param-
eters of the single-reheating USC unit boiler in the literature [27]. The 
reasonable cost estimation of the sCO2 boiler is carried out by referring 

Table 1 
Parameters related to the calculation of the coupling between the sCO2 cycle and 
the boiler.  

Parameters Values 

turbine inlet temperature(T8) 600 ◦C 
turbine inlet pressure(P8) 31 MPa 
reheating temperature 620/620 ◦C 
turbine isentropic efficiency (ηT,s) 93% 
compressor C1 inlet temperature(T1) 32 ◦C 
compressor C1 inlet pressure(P1) 7.6 MPa 
compressors isentropic efficiency (ηC,s) 89% 
pressure drops in LTR and HTR (ΔP) 0.1 MPa 
LTR and HTR pinch temperature difference (ΔTLTR or ΔTHTR) 10 ◦C 
primary air temperature(Tpri air) 320 ◦C 
fresh air temperature entering air-preheater(Tpri air,in) 31 ◦C 
ratio of primary air flow rate to the total air flow rate 19% 
cold secondary air temperature(Tsec air,in) 23 ◦C 
secondary air flow rate ratio 81% 
excess air coefficient 1.2 
flue gas outlet temperature (Tfg, ex) 123 ◦C 
environment temperature (Te) 20 ◦C  

Table 2 
Parameters related to the validation of the supercritical boiler.  

Parameters Values 

boiler basic information BB2400 supercritical boiler with capacity 
2400 t/h of live steam with 26.6 MPa/554 ◦C 

total mass flow rate 2270 t/h 
number of waterwall tubes 768 
tube length 165 m 
inlet pressure of waterwall 29.9 MPa 
inlet temperature of waterwall 315 ◦C 
Waterwall tube formats (do × δ) 33.7 × 6.3 mm 

38.0 × 6.3 mm (above 49.4 m) 
tube pinch of waterwall 50 mm 

57 mm (above 49.4 m) 
Tube inclination angle of waterwall a1 = 24.62◦

a2 = 28.36◦ (above 49.4 m) 
tube material of waterwall 16Mo3 

13CrMo45(above 49.4 m) 

Note: above 49.4 m refers to the vertical upward boiler height from half of the 
cold ash hopper. 

Fig. 4. Comparison of literature value and calculation model results in 
this paper. 

Table 3 
Price ratio of end products of boiler heating surface 
tube.  

Steel Price ratio 

12Cr1MoV 0.435 
SA213T23 0.87 
SA213T91 1 
TP347H 3.25 
Super 304H 2.75  

J. Xu et al.                                                                                                                                                                                                                                       



Energy Conversion and Management 238 (2021) 114150

7

to the data of Reference Cost Index of Thermal Power Project Quota 
Design (Level 2017) provided by China Electric Power Planning & En-
gineering Institute (EPPEI) [32]. 

The turbine cost is given by NETL [15], where fT is a temperature 
correction factor that takes into account the material selection and 
thickness changes with temperature. 

Ct = 182600W0.5561
T × fT,t (20)  

fT =

{
1, Tmax⩽550C

1 + 1.106 × 10− 4(Tmax − 550)2
, Tmax⩾550C (21) 

Compressor cost [15] is 

Cc = 1230000W0.3992
sh (22)  

where WT is the turbine work and Wsh is the compressor shaft work. 
Recuperator and direct air cooler costs [15], are 

CRecup = 49.45UA0.7544 × fT,Recup = 49.45
(

QRecup

ΔTint

)0.7544

× fT,Recup (23)  

Tmax =

{
1, Tmax⩽550C

1 + 0.02141(Tmax⩾550C) (24)  

Ccooler = 32.88UA0.75 = 32.88
(

Qc

ΔTint

)0.75

(25)  

where ΔTint is the integral average temperature difference of heat 
exchanger, Q is the thermal load, UA is the ratio of the heat exchanger 
heat load to the integral average temperature difference. In this paper, 
the recuperator type of sCO2 cycle is PCHE. Here, it should also be noted 
that the equipment cost of the USC unit will consult to the actual data 
provided by EPPEI, thus the detailed USC unit cost calculation will not 
be carried out in this paper. 

3.5. Economic calculation of power generation system 

The economic computation will further evaluate the rationality and 
cost-effectiveness of the system, taking into account several economic 
indicators, which is the specific cost (SC), the coal consumption for 
power supply (bg) and the levelized cost of electricity (LCOE) of the 
power generation system. The economic assumption and index were 
made to estimate them, which are specified in Table 4. 

SC is a commonly used indicator for evaluating the fabrication cost of 
power generation systems [33]. It represents the unit cost of per elec-
trical kilowatt installed capacity of the power plants and provides a 
qualitative concept for comparing similar systems. 

SC =
Ctot

Wnet
(26)  

Ctot =
∑NHX

j=1
CHX,j +

∑NT

j=1
CT,j +

∑NC

j=1
CCom,j +

∑NA

j=1
CA,j (27)  

Cj = cinst,j⋅Cequip,j (28)  

where Ctot is the total investment cost of the system includes not only the 
cost of the main equipment of the system, but also the cost of auxiliary 

equipment and installation costs, Wnet is the total installed capacity of 
the power plant, Cequip、cinst are the equipment purchase costs and cost 
factors considering installation materials, workers, electricity, trans-
portation, etc. 

bg is one of the main indicators for the economic evaluation of coal- 
fired power plants. It refers to the average standard coal consumption of 
per kilowatt-hour of electricity during the statistical period, which can 
be determined by the following formula [34]: 

bg =
Bb ×

(
1 − α

100

)

Egen ×

(

1 −
Lfcy
100

)× 106 (29) 

Bb is the standard coal consumption, which is the amount of fuel used 
converted to standard coal in the statistical period, Lfcy is the auxiliary 
power consumption rate, Egen is the electricity generated, α is the 
heating ratio. 

The standard investment of power generation is analyzed by LCOE, 
which is estimated by using the total revenue requirement (TRR) 
method and thermodynamic analysis results [35], including fabrication 
cost and operation cost of power plant. It is defined as the sum of annual 
investment cost, annual operation and maintenance (O&M) cost, and 
annual fuel cost of the plant divided by the annual electricity produc-
tion. The plant’s lifespan is assumed 30-year. 

LCOE =

(
CRF × FCI + COM + Cf

)

8760⋅w⋅Wnet
(30)  

FCI = (1 + c)⋅b⋅Ctot (31)  

CRF =
k⋅(1 + k)n

(1 + k)n
− 1

(32)  

Cc = bg⋅Wnet⋅8.76⋅w⋅ccoal (33)  

COM = CF - OM +CV - OM (34)  

where b is the process contingency cost coefficient, which aims to 
compensate for the insufficient cost estimation caused by the uncer-
tainty of the technological development status, c is the project contin-
gency cost coefficient, which refers to the data given by NETL [36].CRF 
is the investment recovery factor related to the discounted rate k and the 
lifespan of equipment NY. O&M costs are divided into two parts: fixed 
cost CF-OM that is independent of operating time of the plant, and vari-
able cost CV-OM that is proportional to power generation, such as waste 
treatment, maintenance materials, etc. 

4. Results and discussion 

4.1. TCO and USC boiler heating surfaces layout 

The heat-resistant steel system that takes into account both strength 
and corrosion resistance has been maturely applied to the field of ultra- 
supercritical water-steam coal-fired power generation and nuclear 
power. These materials have become the optional objects for key com-
ponents of the sCO2 coal-fired power generation system, and the 
corrosion and compatibility test of sCO2 is ongoing. Refer to the 
commonly used steels in power plant water-steam boiler, under the 
premise of long-term safe and reliable operation of the plants, the ma-
terial selection scheme for the sCO2 boiler cooling wall will obtain from 
the perspective of the high-temperature strength and the corrosion 
characteristics of materials [28,30,31,37]. In this study, we will focus on 
meeting the demand of steel high-temperature strength, so as to avoid 
overheating of heating surface of sCO2 boiler. According to the heat- 
resistant steel selection, the allowable stress of heat-resistant steels at 
the operating temperature is required to be no less than 49 MPa. Guided 
by the design criteria of typical coal-fired boilers, the feasibility of 

Table 4 
Assumptions and value for economic analysis [35].  

Parameters Values 

coal price(ccoal) 119.56 $/t 
lifetime of the power plant (NY) 30 yr 
annual utilization factor of power plant (w) 0.85 
discount Rate (k) 12% 
inflation rate(α) 2%  
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applying T23, T91, P92, Super304H, HR3C, Inconel625, etc. to sCO2 
boilers under material boundary conditions is studied. Fig. 5 shows the 
variation of bulk temperature with tube wall thickness under the iden-
tical heat load and material boundary conditions. The results demon-
strate that when the sCO2 cycle is adopted, mainly because of the high 
temperature of the working fluid at the entrance of the furnace, the steel 
grade of the CW needs to be improved, and the ferrite such as 
12Cr1MoVG, T21 and T23 cannot be used in the CW. For the double- 

reheating sCO2 cycle, the temperature of the working fluid at the 
furnace inlet is above 510 ◦C, while the double-reheating steam Rankine 
cycle is only about 320 ◦C[20]. Under the same wall thickness, it can be 
seen from wall temperature formula that the temperature of the inner 
and outer walls of the sCO2 cycle will be higher. Moreover, to ensure 
acceptable boiler pressure drop, the sCO2 boiler cooling wall should 
choose a slightly larger tube inside diameter, which yield an increment 
of tube thickness and further increase the wall temperature. Thus, the 

Table 5 
TCO and reference single-reheating USC boiler heating surfaces.  

TCO USC 

Heating 
surfaces 

Tube formats 
(mm) 

Materials Tube 
numbers 

Weights 
(t) 

Heating surfaces Tube formats 
(mm) 

Materials Tube 
numbers 

Weights 
(t) 

Part1 ϕ41.16 × 8.33 SA213T91 1943  165.47 Radiation zone under furnace 
(SWW) 

ϕ 38.1 × 6.7 SA213T23 1592  258.39 

Part2 ϕ41.11 × 9.06 SA213T91 1946  113.04 Radiation zone upper furnace ϕ31.8 × 6.7 SA213T23 1592  219.66 
Part3 ϕ31.82 × 5.91 SA213T91 2514  42.50 Horizontal low temperature SH 

(HLSH) 
ϕ50.8 × 8.4 SA213T23 1200  1181.38 

Part4 ϕ51.20 × 9.10 SA213T91 1589  128.92 Vertical low temperature SH 
(VLSH) 

ϕ50.8 × 8.9 SA213T23 1200  98.64 

Part5 ϕ54.18 × 9.59 SA213T91 1476  169.49 Partition screen SH (PSH) ϕ60.3 × 9.3 TP347H 754  192.70 
Part6 ϕ ϕ51.95 ×

9.48 
SA213T91 1406  166.48 Rear screen SH (RSH) ϕ63.5 × 7.5 Super 

304H 
754  170.63 

SH1 ϕ51.95 × 9.48 Super 
304H 

1560  277.04 High temperature SH (HSH) ϕ57.1 × 6.8 Super 
304H 

1504  251.99 

SH1 ϕ51.95 × 9.48 Super 
304H 

1560  277.04 Horizontal low temperature RH 
(HLRH) 

ϕ63.5 × 5.7 SA213T23 1440  1096.89 

RH1 ϕ51.21 × 5.60 Super 
304H 

3108  934.87 Vertical low temperature RH 
(VLRH) 

ϕ63.5 × 3.6 TP347H 1440  76.05 

RH2 ϕ51.21 × 5.60 Super 
304H 

2814  104.36 High temperature RH (HRH) ϕ60.3 × 3.5 Super 
304H 

1062  206.84 

RH3 ϕ55.81 × 8.40 Super 
304H 

2733  213.50 Economizer (ECO) ϕ45.0 × 6.6 SA210C –  – 

RH4 ϕ55.81 × 8.40 Super 
304H 

1440  253.10      

Heater4b ϕ 34.52 × 7.26 Super 
304H 

1083  294.40      

Heater4á ϕ43.0 × 9.00 12Cr1MoV 2820  2157.61      
Heater4a“ ϕ41.0 × 8.00 SA213T23 2460  1623.52       

Fig. 5. Selection of sCO2 and USC boiler heating surface steel.  
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steel grade for the heating surface of the sCO2 boiler needs to be raised. 
Fig. 6 is a diagram of the heating surface layout of the TCO boiler in 

the partial flow mode and the conventional single-reheating USC boiler 
in the total flow mode. For TCO boiler, the cooling wall is coupled with 
the partial flow and heat load matching, to solve the problem of large 
mass flow in boiler and high temperature of working fluid in the cooling 
wall. And the burner zone in the furnace has the highest thermal load, 
three partial flow is adopted for the primary reheating cooling wall to 
control the wall temperature and make reheater pressure drop accept-
able. For conventional USC boilers, the working fluid inlet temperature 
of the economizer is among 300–330 ◦C, and the working fluid tem-
perature in the water wall is generally under 480 ◦C [37] which is lower 
than CO2 entrance temperature of sCO2 boiler cooling wall. 

Table 5 shows the tube specifications, material selection and weight 
of each heating surface of the TCO boiler and reference USC boiler. It can 
be seen that the heating surface RH1 and Heater4 at the sCO2 boiler tail 
flue have larger weight. In addition, there is a new feature for sCO2 
cycle, the boiler pressure drop will significantly affect the sCO2 power 
cycle efficiency, while the water-steam Rankine cycle efficiency is less 
sensitive to the boiler pressure drop. For the sCO2 cycle with reheating, 
the boiler pressure drop can be divided into two parts: the main heater 
pressure drop and the reheater pressure drop. The former increases the 
power consumption of the compressor, the later reduces the turbine 
work. Both can significantly reduce cycle thermal efficiency. When the 
main heater pressure drop and reheating pressure drop increase by 1 
MPa, the cycle thermal efficiency will decrease by 1% and 2%, respec-
tively [19,38]. The reheating pressure drop has a more obvious impact 
on the cycle efficiency, thus the heating surface of reheating will adopt 
larger tube diameter (see Table 5). 

4.2. The equipment cost estimation and analysis for TCO and USC 

Fig. 7a shows the equipment cost share percentage of the TCO and 
USC. Global system equipment is roughly divided into six categories, 
namely: boiler, turbine, compressor, recuperator, cooler (USC corre-
sponds to boiler, turbine, pump, heater, condenser) and auxiliary 
equipment. Fig. 7a indicates that for the TCO, recuperators, boiler and 
compressors account for the largest proportion, reaches 81.21% of the 
total equipment cost. In the USC, boiler, turbines and auxiliary equip-
ment account for 89.7% of the total equipment cost. Fig. 7b illustrates 
the comparison of equipment costs. Compared with the USC, the costs of 
the boiler, recuperators, compressors and coolers of the TCO have 
increased significantly. Specifically, the cost of sCO2 turbine decreases 
by 30.0%, but recuperator cost of TCO seems to be one magnitude larger 
than that of USC heater, the cost of sCO2 boiler increase by 36.3%, the 
recuperator cost drives up the total cost of TCO. Hence, the total 
equipment cost of the TCO is extremely higher than the USC, which is 
1.92 times of USC. 

For the currently developed water-steam Rankine cycle, the heat 
recovery cost is very low. Thus, the extremely high cost of recuperators 
induces us to carefully analyze what are the factors that affect the 
recuperators cost. At high efficiencies, a significant amount of recu-
peration and small temperature difference of recuperators in sCO2 
power cycle, the cost of recuperators will constitute the major part of the 
total equipment cost. In TCO, the recuperators cost accounts for 44.02% 
of the total equipment cost. Here, two aspects affect the recuperator cost 
which are the performance and the manufacturing level are discussed. 

In terms of performance, from the recuperator cost formula, its cost is 
inversely proportional to its integral average temperature difference. 
When the heat recovery is constant, the smaller temperature difference, 
the higher recuperator cost. Fig. 8a shows the change of the integral 
temperature difference of the recuperator ΔTint with the pinch 

Fig. 6. Heating surfaces layout of TCO boiler and reference single-reheating USC boiler.  
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temperature ΔTmin. In the low, medium and high temperature recu-
perator, under the same pinch temperature, the integral temperature 
difference of the LTR is the smallest, HTR is the largest. With the pinch 
temperature increases, the integral temperature difference of the three 
types of recuperators tends to be identical. Furthermore, as shown in 
Fig. 8b, the pinch temperature not only affects recuperator cost, but also 
affects cycle efficiency. With the increase of pinch temperature, both the 
thermal efficiency and recuperators cost of power plant will decrease. 
However, the decrease of cycle thermal efficiency will increase the coal 
consumption of the power plant, which will lead to an increase in 
operation cost. Obviously, the cost advantage and efficiency disadvan-
tage caused by increasing the pinch temperature are mutually restricted, 
there is the best pinch temperature that makes the system economy 
optimal. 

As far as manufacturing level, the manufacturing technology of 

recuperators is immature. Therefore, this study will linearly change the 
fitting coefficient of the recuperator cost formula in the current eco-
nomic analysis. It can be seen from Fig. 9 when the cost ratio coefficient 
of recuperators fRecup is decreased from 1 to 0.2, the recuperators cost is 
reduced from 44.02% to 13.94% of the total equipment cost. Under such 
condition, the total equipment cost of the TCO may reach the same level 
as the advanced USC. Analysis shows, high-performance and low-cost 
recuperators is the keys to large-scale use of sCO2 power generation 
systems. 

In order to manage the cost of recuperator, the following methods 
may be adopted in the future.  

1) The printed circuit heat exchanger (PCHE) is replaced with other 
type heat exchanger to save costs of heat recovery. For example, use 
the periodic flow regenerator instead of the PCHE will result in the 

Fig. 7. The equipment cost estimation of TCO and USC (a: main equipment cost ratio; b: comparison of main equipment costs).  

Fig. 8. Pinch temperature impact on integral temperature difference, thermal efficiency and recuperator cost of TCO.  
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increase in heat transfer efficiency and 50% cost reduction [39]; 
Sandia National Laboratory’s new concept heat exchanger CMHE 
(cast metal heat exchanger), which may provide similar or better 
performance to PCHE, and the cost is less than 1/5 of PCHE [40].  

2) Compared with the HTR, the integral temperature difference of the 
LTR is small (see Fig. 8a), the pinch temperature of the LTR may be 
appropriately increased to reduce the heat exchange area and cost.  

3) The cost of recuperator also depends on the cycle layout being used, 
even with the same power output. Different sCO2 power cycle layouts 
will have different characteristics of the recuperative system, and the 
modification of the cycle structure may reduce the cost of the recu-
perative system [41].  

4) Split the HTR into two parts or even more, so that the temperature of 
the recuperator’s steel and CO2 working fluid can be matched to 
reduce the cost of the recuperator system. In short, the temperature 
correction factor fT in the formula for calculating the recuperator 
cost is reduced. 

4.3. Discussion on calculation results of economic indicators 

For two power generation systems, the unit capacity and the vapor 
parameters are same. It can be seen from Table 6 that the 1000 MW sCO2 
coal-fired power generation system based on triple-compression cycle 
with overlap energy utilization which power generation efficiency is 
49.01%, the 1000 MW ultra-supercritical water-steam coal-fired power 
generation system is based on 10-stage extraction steam to recover heat 
which power generation efficiency is 48.12%. As the TCO shows higher 
efficiency, its coal consumption for power supply bg is much lower than 
USC, reflecting the advantage of sCO2 coal-fired power generation sys-
tems. However, the total equipment cost of the TCO is higher than the 
USC, leading to a higher specific cost (SC), which is 1.29 times of the 
USC, damaging the superiority of sCO2 coal-fired power generation 

systems. In order to make the sCO2 power generation systems econom-
ically feasible and competitive, the capital cost of equipment needs to be 
reduced from present estimates. 

For the purpose of comprehensively weight equipment investment 
cost and operation cost of system, here, the levelized cost of electricity 
(LCOE) is selected as a measurement to evaluate the profitability of 
power plants. As shown in Fig. 10, the LCOE of the TCO is 1.32% lower 
than the advanced USC. It can be seen that fuel cost account for the 
highest proportion in two systems, reaching 60–70% of the total cost, 
and O&M costs account for the smallest. Compared with USC, the 
decrease in LCOE of TCO is mainly due to fuel cost reduction by effi-
ciency increment which is up to 8%, and the system efficiency advantage 
is sufficient to make up for the drawback caused by the increase of the 
annual investment cost. 

4.4. Sensitivity analysis of key economic factors 

A sensitivity analysis conducted on various key economic factors, 
and the economics of TCO assessed from different perspectives. Fig. 7a 
presented that the recuperators cost accounts for the largest proportion 
of the TCO total equipment cost. The recuperators cost in the current 
economic analysis contains uncertainties, thus its sensitivity analysis is 
necessary. Fig. 11 is further explained the influence of the recuperators 
cost on the FCI and LCOE estimation results. With the advancement of 
compact heat exchangers, the cost ratio coefficient of recuperators fRecup 
will decrease, and the FCI of TCO is sharply reduced. The LCOE of TCO 
gradually decreases due to lessen of FCI. When the fRecup is decreased 
from 1 to 0.2, the LCOE of the TCO is reduced from 60.56 to 57.05 
$/MWh. Compared with the LCOE of the USC (61.37$/MWh), when 
fRecup is 0.2, the LCOE of the TCO is reduced by 7.05%. Apparently, 
reducing the cost of recuperator is the key to secure the economic su-
periority of sCO2 coal-fired power generation systems. 

We note that fuel costs almost 60–70% of the LCOE, and changes in 
coal prices will induce a magnitude effect on LCOE. Exploring the impact 
of coal price changes on LCOE is important for the development of sCO2 
coal-fired power generation systems. Fig. 12a shows the variation of 
LCOE of the TCO and USC with coal price fluctuation. Due to the lower 
power generation efficiency of USC, it is more sensitive to coal price 
changes. With the gradual increase of the coal price ratio coefficient 
fcoal, coal price rises, the LCOE difference between TCO and USC rises, 
which enhances the economic benefit of sCO2 coal-fired power genera-
tion systems. 

The annual utilization factor of power plant w is directly related to 
the annual power generation, which affects the profitability of the power 
plants. Fig. 12b shows sensitivity analysis from an operational stand-
point, when w is about 0.67, the LCOE of the TCO is almost the same as 
USC. As w continues to decrease, the LCOE of the TCO is higher than that 
of USC even if the TCO efficiency is higher. This is because the annual 
power generation and annual fuel consumption are cut back, and the 
fuel cost reduction brought by the high efficiency has no ascendancy 

Fig. 9. The regenerator cost varies with the manufacturing level.  

Table 6 
Performance comparison of TCO and Huaneng Laiwu USC [20].   

sCO2 USC 

Net power Wnet(MW) 1000 1000 
House power Lfcy (%) 1.48 3.97 
Cycle thermal efficiency ηth (%) 53.54 52.45 
Boiler efficiency ηb(%) 94.43 94.65 
Power generation efficiency ηcp (%) 49.01 48.12 
Specific cost SC($/kW) 693.87 531.50 
Coal consumption for power supply bg(g/kWh) 245.26 266.75 
Levelized cost of electricity LCOE($/MWh) 60.56 61.37 

Note: ηcp = ηthηmηgηpηb, ηth, ηm, ηg, ηp, ηb, respectively, thermal efficiency, me-
chanical efficiency, generator efficiency, pipeline efficiency and boiler 
efficiency. Fig. 10. LCOE (levelized cost of electricity) estimation results of TCO and USC.  
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compared with the lager annual investment cost. Corresponding, in 
order to ensure that sCO2 coal-fired power generation systems are 
economically viable, w must be maintained above 0.67. The w reference 
in this study is 0.85. Under the same assumptions, the TCO performs 
better in terms of thermodynamic performance and economy. 

5. Conclusion 

We investigated the economics of sCO2 and ultra-supercritical water- 
steam coal-fired power generation system, respectively. The following 

conclusions are drawn. 
The sCO2 boiler cost has increased by 36.3% compared with the 

water-steam boiler cost. The increase in heating surface steel grade and 
thick, lower CO2 heat transfer capacity, and complex boiler structure are 
the reasons for the cost increasing. Partial flow and heat load matching 
of the heating surface are proposed to reduce its cost. 

The recuperator cost is the largest in sCO2 cycle total equipment cost. 
The sCO2 system economy is constrained by the recuperator pinch 
temperature, a most economical system is obtained at an optimal pinch 
temperature. 

In this study, the power generation efficiency of TCO and USC are 
49.01% and 48.12%, respectively. The TCO has higher SC, which is 1.29 
times than the reference USC, and the LCOE is 60.56 $/MWh, with a 
1.32% lower compared to USC. The TCO performs better in terms of 
thermodynamic performance and economy. 

Sensitivity analysis on recuperator cost, coal price and the annual 
utilization coefficient of power plant points out the development di-
rection for improving the sCO2 coal-fired power generation system 
economic competitiveness. 
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