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A B S T R A C T   

Herein, the effect of the power capacity, Wnet, on the performance of supercritical carbon dioxide (sCO2) coal- 
fired power plants is investigated, with Wnet in the range of (100–1000) MWe. A comprehensive model was 
established wherein the sCO2 cycle was coupled with the models of various components. For the sCO2 boiler, the 
total thermal load was assigned to various heaters, and the pressure drop in each heater was calculated. Owing to 
the strong penalty effect of the pressure drop, both total flow mode (TFM) and partial flow mode (PFM) were 
applied to the sCO2 boiler. A fluid network integrating the recuperator units was established for heat recovery in 
the system. A thermal-hydraulic model was proposed for a single unit and an integration package. Various losses 
were considered in the prediction of the efficiencies of axial flow turbines and compressors. The thermal effi-
ciency increases, attains a maximum, and then decreases with increase of Wnet. This parabolic distribution results 
from the tradeoff between the decreased efficiency owing to pressure drops in the heat exchangers and the 
increased efficiency of the turbomachinery. The maximum thermal efficiency occurred at Wnet of 300 MWe and 
200 MWe when using the PFM and TFM, respectively. Based on the results, PFM is found to eliminate the penalty 
effect of pressure drops. Our study provides guidelines for the design and operation of sCO2 coal-fired power 
plants.   

1. Introduction 

To achieve carbon neutrality by 2060, the utilization of fossil energy 
has reduced and the utilization of renewable energy has increased in 
China (Xu et al., 2020; Qi et al., 2023). Because renewable energy is 
unstable owing to its oscillating and intermittent characteristics (Xie 
et al., 2023), fossil energy such as coal shall still be used for power 
generation in several decades (National Bureau of Statistics of China, 
2020), which shall not only maintain high thermal efficiency, but also be 
quick response to external load variations (Meng et al., 2022). 
Compared with the water-steam Rankine cycle power generation sys-
tem, supercritical carbon dioxide (sCO2) coal-fired power generation 
exhibits a higher thermal efficiency and faster load regulation rate 
(Dostal, 2004; Liu et al., 2020a; Xu et al., 2019). Available studies on 
sCO2 coal-fired power generation systems have focused on rated power 
capacity of 1000 MWe (Moullec, 2013; Xu et al., 2018; Yang et al., 2020; 
Liu et al., 2020b; Li et al., 2019a). The objective of the present study was 
to explore the performance of sCO2 power generation system at various 
power capacities in the range of (100–1000) MWe. 

Initially, Moullec (2013) and Mecheri et al. (Mecheri and Moullec, 
2016) presented a design for a 1000 MWe sCO2 coal-fired power plant 
and evaluated its economic performance. A fraction of the sCO2 stream 
was extracted from a low-temperature recuperator to absorb residual 
heat at tail flue, resulting in higher thermal efficiency than water-steam 
Rankine cycle system. Park et al. (2018) proposed a simpler sCO2 
Brayton cycle, showing better performance than the Moullec’s cycle. 
Collaborating with Babcock & Wilcox (B&W), Electric Power Research 
Institute (EPRI) highlighted the difficulties in developing sCO2 boilers 
for sCO2 power plants (Thimsen and Weitzel, 2016). They provided a 
design for a small-scale sCO2 boiler. Xi’an Thermal Power Research 
Institute (TPRI) has been developing a 5 MWe sCO2 power generation 
system driven by natural gas boiler (Li et al., 2019b). The demonstration 
of key components and the whole system have been completed (Wang 
et al., 2018; Han et al., 2019). 

To achieve a high thermal efficiency, Xu et al. (2018) conducted 
fundamental investigations on an sCO2 coal-fired power plant; the key 
issues in the applications are discussed in Ref. (Xu et al., 2018). A 
challenge exists in the recovery of flue gas energy in a wide temperature 
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range of (1500–120) ◦C. Cascade energy utilization was proposed to 
solve this issue (Sun et al., 2018) wherein the top cycle, bottom cycle, 
and air preheater absorbed high-temperature, moderate-temperature, 
and low-temperature flue gas energies, respectively. Because the top and 
bottom cycles operate in different temperature zones, an efficiency gap 
exists owing to the lower efficiency of the bottom cycle. The overlapping 
energy utilization strategy sets an overlap zone in the high-temperature 
region, and the flue gas energy in this region is absorbed by both cycles, 
instead of only the top cycle (Sun et al., 2019). Pressure drop penalty is 
another issue to be resolved (Xu et al., 2018). A partial flow strategy was 
proposed to reduce the flow rate and flow length of each module to half 
those of a conventional module. Therefore, the partial flow strategy 
generates a series of modules across the entire sCO2 boiler so that the 
pressure drop of the sCO2 boiler is decreased to a level similar to that of a 
water-steam boiler (Xu et al., 2018). Progress has been made in system 
design and analysis (Sun et al., 2020; Xu et al., 2021; Guo et al., 2020; 
Wang et al., 2021a, 2022), basic understanding of energy conversion 
mechanisms (Zhu et al., 2019, 2020; Wang et al., 2021b), and devel-
opment of various components such as sCO2 boilers, heat exchanger, 
turbines, and compressors (Liu et al., 2022; Zhou et al., 2020; Li et al., 
2022; Wang et al., 2023). 

The studies have focused on sCO2 coal-fired power systems with a 
rated power capacity of 1000 MWe. Xu et al. (Liu et al., 2020c) devel-
oped scale laws regarding the variations in performance parameters at 
various power capacities. Owing to the enhanced penalty effect of 
pressure drops at larger power capacities, the thermal efficiency of the 
system decreases as the power capacity increases. To mitigate the pen-
alty effect of the pressure drops, the partial flow mode (PFM), which is 
essential for power generation systems with capacities greater than 100 
MWe, was introduced. The PFM is not required for a power capacity less 
than 100 MWe. The work presented in Ref. (Liu et al., 2020c) considered 
the effect of pressure drops on the system performance, with other pa-
rameters such as the isentropic efficiencies of turbines and compressors 
fixed at different power capacities. 

In contrary to Ref. (Liu et al., 2020c), the present study considers 
various factors affecting system performance, including the varied effi-
ciencies of turbines and compressors and the thermal hydraulic char-
acteristics of printed circuit heat exchangers (PCHE) at different power 
capacities. CO2 leakage, which is severe for small-scale radial turbo-
machinery, is mitigated when using large-scale axial turbomachinery 
(Xu et al., 2019; Cho et al., 2018); The PCHE is a better choice for the 
sCO2 cycle. However, owing to the limited thermal load supplied by a 
single PCHE (Jiang et al., 2018a), a fluid network integrating several 
PCHE units was established to fill the gap between the load required for 
heat recovery in the sCO2 cycle and maximum load supplied by a single 
PCHE. 

The originality of this study is presented as follows: (i) A compre-
hensive model of an sCO2 coal-fired power plant was established, 
focusing on the effect of power capacities on system performance. Pre-
vious studies seldom considered the coupling of the sCO2 cycle and 
various components at power capacities in the range of (100–1000) 
MWe (Liu et al., 2020b; Mecheri and Moullec, 2016; Park et al., 2018). 
Most studies fixed the turbine and compressor efficiencies as constants 
at specific power capacities (Mecheri and Moullec, 2016; Liu et al., 
2020c). (ii) A fluid network integrating recuperator unit was established 
for heat recovery of the sCO2 power system, and a thermal-hydraulic 
model was proposed for a single unit and integration package. (iii) 
With a continuous increase in the power capacity (Wnet) from 100 MWe 
to 1000 MWe, the thermal efficiency increased, attained a maximum, 
and then decreased. This parabolic distribution is caused by the tradeoff 
between negative and positive effects, the former referring to the 
decreased efficiency on increasing Wnet owing to pressure drops in the 
heat exchangers and the latter referring to the increased efficiency on 
increasing Wnet owing to the isentropic efficiency of the turboma-
chinery. The remainder of this paper is organized as follows. The layout 
of the sCO2 coal-fired system is described in Section 2. The numerical 

model is described in Section 3, which includes computations for the 
cycle, boiler, PCHE, turbine, and compressor. The results and discussion 
are presented in Section 4, and the conclusions are summarized in 
Section 5. 

2. sCO2 coal-fired power generation system 

Fig. 1 shows the sCO2 cycle used in this study, which incorporates the 
top and bottom cycles, component sharing, and overlap energy utiliza-
tion (Sun et al., 2019). The top and bottom cycles are represented by the 
black and blue lines, respectively. Both cycles use RC + RH, where RC 
and RH represent the recompression cycle and reheating, respectively. 
They absorb flue gas energies in the high-temperature zone, represented 
by Heater 1, and in the moderate-temperature zone, represented by 
Heater 2. Heater 4b is in the high-temperature flue gas zone, which is 
included in the bottom cycle to increase its efficiency; therefore, overlap 
energy utilization is fulfilled. Because several facilities in the two cycles 
share identical pressure and temperature parameters, the two cycles are 
combined, which is referred to as component sharing in Ref. (Sun et al., 
2019). C1 and C2 represent the two compressors, while 
high-temperature recuperator (HTR), HTR2, and low-temperature 
recuperator (LTR) represent the internal heat exchangers used for heat 
recovery. The cooler dissipates additional heat from the entire system to 
the environment. The assumptions made in the cycle computation are as 
follows:  

➢ Steady operation of the sCO2 coal-fired power system is considered. 
➢ Physical properties of sCO2 are computed by the commercial soft-

ware NIST.  
➢ A fluid network was involved in the sCO2 cycle; the mass flow rates, 

pressure drops, and thermal loads were balanced in various com-
ponents of the system, ensuring that the temperature difference did 
not exist at any mixing point. Therefore, exergy destruction owing to 
the mixing did not occur.  

➢ In heat exchangers, the pinch temperature refers to the minimum 
temperature difference in the T–Q curve, where T and Q represent 
the temperature and thermal load, respectively. Because the heat 
recovery reaches three to four times the net power output of the sCO2 
cycle, the pinch temperature influences the cycle performance. For 
recuperator heat exchangers of LTR and HTR in Fig. 1, the pinch 
temperature is set as 10 ◦C (Table 1) (Dostal, 2004; Mecheri and 
Moullec, 2016). A very low pinch temperature significantly increases 
the cost of heat exchangers, whereas a very high pinch temperature 
deteriorates the cycle efficiency (Xu et al., 2021; Qiao et al., 2020). 
Therefore, the pinch temperature of 10 ◦C is suitable. 

➢ Owing to the gas state of tail flue and smaller heat transfer coeffi-
cient, the pinch temperature is set as 30 ◦C (Table 1) for air preheater 
and Heater 4a in Fig. 1 (Sun et al., 2018).  

➢ The main vapor parameters at the inlet of turbine T1 are 620 ◦C/30 
MPa at the power capacities in the range of (100–1000) MWe. This is 
referenced to commercial water-steam Rankine cycle (Fan et al., 
2018), and the sCO2 power cycle also operates well in this range 
considering the temperature and pressure that can be sustained by 
the materials adapting to sCO2 (Holcomb et al., 2016).  

➢ The main vapor parameters at the inlet of compressor C1 are 32 ◦C/ 
7.6 MPa, from Refs. (Dostal, 2004; Li et al., 2020). For the operation 
of the compressor, selecting an inlet pressure approaching the critical 
pressure of 7.377 MPa, where the power consumption of the 
compressor can be minimized, is appropriate. A pressure that is too 
low may experience a critical point that deteriorates the compressor 
performance owing to the condensed droplets in the compressor. 
Therefore, a pressure of 7.6 MPa was suitable. The extra heat in the 
system was dissipated by the cooler. Considering that the sCO2 
stream was cooled by water at temperature of 20 ◦C, a temperature of 
32 ◦C at the compressor inlet was reasonable. 

Z. Wang et al.                                                                                                                                                                                                                                   



Journal of Cleaner Production 416 (2023) 137949

3

3. Numerical model 

In our previous study, we analyzed the pressure drop penalty of an 
sCO2 boiler on the cycle performance at various power capacities (Liu 
et al., 2020c). In contrast we herein present a comprehensive investi-
gation of the power plant performance at different power capacities. The 
cycle analysis, represented by the cycle subroutine, is coupled with the 
models of components, including the sCO2 boiler, recuperator heat ex-
changers, axial turbines, and axial compressors, represented by the three 
subroutines of components (Fig. 2). The four types of components are 
heat exchangers for the sCO2 boiler and recuperators and thermal-power 
conversion machines for the turbines and compressors. Therefore, the 
cycle computation requires two levels of iteration; the first level refers to 
the iteration of the pressure drops in the sCO2 boiler and recuperators, 
whereas the second level refers to the iteration of the turbine and 
compressor efficiencies. The entire computation is assumed to converge 
until the pressure drops in various heat exchangers and axial turboma-
chinery efficiencies converge. The entire cycle consists of a complicated 
fluid network. The mass flow rates, pressure drops, and thermal loads 
should be balanced across the various components of the entire system. 

3.1. Computation of sCO2 cycle 

The flue gas energy is divided into three regions: high-temperature, 
moderate-temperature, and low-temperature. The heat balance equa-
tions for each region are as follows: 
⎧
⎨

⎩

φBcal
(
hflame − hfg,i

)
= QHeater1 + QHeater2 + QHeater4b

φBcal
(
hfg,i − hfg,o

)
= QHeater4a

φBcal
(
hfg,i − hfg,ex

)
= QAP

(1)  

here, h represents the enthalpy of flue gas, and the subscripts fg,i, fg,o, 
and fg,ex represent the interface temperatures between the three tem-
perature zones of flue gas, φ denotes the insulation coefficient of the 
boiler, and Bcal represents the coal consumption rate. The high- 
temperature flue gas heat is absorbed by Heaters 1, 2, and 4b, 
whereas moderate-temperature flue gas heat is absorbed by Heaters 4a 
and 4a’’. The low-temperature flue gas heat is absorbed by an air 
preheater. 

The thermal efficiency ηth of the cycle is calculated as 

ηth =
Wnet

Qtotal
, (2)  

where Wnet is the power capacity, which is in the range of (100–1000) 
MWe. The total heat absorption of the sCO2 cycle can be expressed as 
follows: 

Qtotal =QHeater 1 + QHeater 2 + QHeater 4b + QHeater 4a + QAP − QEAP (3) 

The chemical exergy of coal is equal to the input exergy of the system 
Ein (Fu, 2005). 

Ein =mcoalQLHV

(

1.0064+ 0.1519
Har

Car
+ 0.0616

Oar

Car
+ 0.0429

Nar

Car

)

, (4)  

where Car, Har, Oar, and Nar are the ratios of carbon, hydrogen, oxygen, 
and nitrogen, respectively, in the designed coal on an as-received basis 
(Table 2). 

The total exergy loss Itotal is the sum of the exergy losses Ij of 
component j (Liu et al., 2020c), and the equations for the components 
are listed in Table 3. 

Ij =mjij, Itotal =
∑

Ij (5) 

Our newly developed numerical model is not only suitable for sCO2 
coal-fired power plants but also for general cycle analysis. To verify the 
accuracy of the proposed model, cycle performances were compared 
based on computational outcomes of the Tang’s model (Fan et al., 2020) 
and Dostal’s model (Dostal, 2004). For comparison, an RC cycle was 
used; the control parameters, such as the main vapor parameters at the 
turbine and compressor inlets, and other assumptions were identical to 
those in Refs. (Dostal, 2004; Fan et al., 2020). Fig. 3 shows the T–s curve, 
where s is the entropy, and comparison results. The deviations in ther-
mal efficiencies using the three different models are less than 1%. The 
deviations were relatively large at lower turbine inlet pressure, such as 
15 MPa, owing to uncertainties in the calculations of pressure drop in 
the components. 

3.2. Computation of sCO2 boiler 

Fig. 4a and b show the arrangements of the heaters in the total flow 
mode (TFM) and PFM, respectively. For the PFM, the flow rate and 
length of each module were reduced to half of those for the TFM. For 
example, Heater 1 consists of Part1 and SH1 in the TFM, whereas Heater 
1 is decoupled into Part1, Part2, SH1, and SH2 in the PFM. For the 
computation of the sCO2 boiler, two assumptions are made: no leakage 
of air or flue gas and uniform heat flux over the furnace width. Here, we 
provide a summary of the computations for the sCO2 boiler; detailed 

Fig. 1. The layout of sCO2 coal-fired power plant (Liu et al., 2020c).  
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information can be found in Ref. (Liu et al., 2020c). 
Based on Ref. (Fan, 2014), the flue gas temperature T″ at the furnace 

outlet is 

θ″=
T″

Tth
=

1
1 + M(εsyn/Bo)0.6 , (6)  

where θ’’ is the dimensionless flue gas temperature at the furnace outlet, 
Tth is the adiabatic combustion temperature, Bo is the Boltzmann 
number 5.67 × 10− 8 W/(m2K4), and εsyn is the furnace emissivity. 

The thermal load of the furnace is given by 

Fig. 2. Numerical calculations for cycle coupling with boiler, recuperators, turbines and compressors.  

Table 1 
Parameters for the cycle computations.  

parameters values 

boiler type pulverized coal 
boiler 

net power (Wnet) (100–1000) MWe 
inlet temperature of compressor C1 (T1) 32 ◦C 
inlet pressure of compressor C1 (P1) 7.6 MPa 
inlet temperature of turbine T1 and T2 (T5 and T5’) 620 ◦C 
inlet pressure of turbine T1 (P1) 30 MPa 
pinch temperature difference in LTR and MTR (ΔT) 10 K 
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 
pinch temperature difference between flue gas and CO2 at 

point e (ΔTe) 
40 K 

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

30 K  

Table 2 
Properties of the designed coal (Xu et al., 2018; Wang et al., 2022).  

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 23442 

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. 
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QR =φ(VC)avTth

(

1 −
T″

Tth

)

, (7)  

where (VC)av is the average specific heat of flue gas. 
The average heat flux qave is as follows: 

qave =
QR

S
, (8)  

where S is the heat transfer area of heaters below the furnace exit. 
Pressure drop in the boiler tubes includes the friction component 

(ΔPf), gravity component (ΔPg), and acceleration component (ΔPa). 

ΔP=ΔPf + ΔPg + ΔPa (9)  

ΔPf =

∫ zj

zj− 1

f
di

G2

2ρ dz,ΔPg =

∫ zj

zj− 1

ρgdz,ΔPa =G2
(

1
ρo

−
1
ρi

)

, (10)  

where G is the mass flux and ρ is the density. From Ref. (Wang et al., 
2014), the friction coefficient f is 

f =
1

3.24 lg2
[(

Δ/di
3.7

)1.1
+ 6.9

Re

] , (11)  

where Δ is the absolute wall roughness. 
sCO2 boilers are currently in the research and development stages. 

However, experimental data are not available for large-scale sCO2 
boilers. A comparison was performed between the computation results 
for the sCO2 boiler and the design standard for a commercial water- 
steam boiler (Fan, 2014). For both the sCO2 and water-steam boilers, 
the heat flux of the heater surface depends strongly on the fire tem-
perature of the furnace, but weakly on the temperature of the working 
fluids (Liu et al., 2022). Fig. 5a shows the calculated heat fluxes of heater 
surface, qA, varying in the range of (4.0–4.1) MW/m2 corresponding to 
the Wnet range of (100–1000) MW/m2 for sCO2 boiler. This variation 
range of qA for sCO2 boiler is consistent with the range of (3.8–4.5) 
MW/m2 for water-steam boiler. At the three power capacities of 100 
MWe, 300 MWe, and 600 MWe, the calculated volume heat flux qV 
values are 124.1 kW/m3, 99.5 kW/m3, and 83.2 kW/m3, respectively. 
These qV values for the sCO2 boiler are on the bottom margin of qV for 
water-steam boilers (Fig. 5b). 

3.3. Computation of recuperators 

3.3.1. Fluid network of PCHE-based recuperators 
PCHE-based recuperators have attracted widespread attention in 

sCO2 power generation because of their compactness (Dyreby et al., 
2014). Owing to the shipping requirements (Jiang et al., 2018a), the 
thermal load of a single recuperator is limited. Therefore, thermal 
integration of various PCHE units is necessary for large-scale heat re-
covery. Fig. 6 shows the fluid network for such an integration, where the 
red and blue lines represent the hot and cold sides of the CO2 fluid, 
respectively. Pipes with larger and smaller diameters represent the main 
and branch pipes, respectively. Considering the hot side as an example, 
the CO2 steam with a total flow rate Mh,in and temperature Th,in at the 
inlet of the main pipe flows into the main pipe and dissipates its flow rate 
to the N PCHE units in sequence, noting different flow rates mi in 
different PCHE units. After the hot-side CO2 transfers its heat to the 
cold-side CO2, the CO2 steam is collected in the main pipe and finally 
leaves the main pipe with parameters Mh,out and Th,out. The following 
assumptions have been made: (i) no CO2 leakage occurs across the hot 
and cold sides, (ii) no heat loss occurs in pipelines, (iii) the total flow rate 

Table 3 
Equations for components in the cycle (Liu et al., 2020c).  

components equations and exergy destructions 

ηc,s =
h2s − h1

h2 − h1
, wC1 = (1 − xC2)(h2 − h1); iC1 = wC1 − (1 −

xC2)(e2 − e1)

ηc,s =
h3s − h8

h3 − h8
, wC2 = xC2(h3 − h8); iC2 = wC2 − xC2(e3 − e8)

ηt,s =
h5 − h4′

h5 − h4′s
, wT1 = h5 − h4′ ; iT1 = e5 − e4′ − wT1 

P5′ =
̅̅̅̅̅̅̅̅̅̅
P5P6

√
, ηt,s =

h5′ − h6

h5′ − h6s
, wT2 = h5′ − h6; iT2 = e5′ − e6 − wT2 

T8 = T2 + ΔTLTR, xC2 = 1 −
h7 − h8

h3 − h2
; iLTR = e7 − e8 − (1 −

xC2)(e3 − e2)

T7 = T3 + ΔTHTR, (1 − xEAP)(h6 − h7) = (1 − xHeater 4)(h4 −

h3); iHTR = (1 − xEAP)(e6 − e7) − (1 − xHeater 4)(e4 − e3)

xEAP(h6b − h7) = xHeater 4(h4b − h3); 
iHTR2 = xEAP(e6b − e7) − xHeater 4(e4b − e3)

iCooler = (1 − xC2)(e8 − e1)

Fig. 3. Comparison of thermal efficiencies for the RC cycle based on the present model, the Tang’s model (Fan et al., 2020) and the Dostal’s model (Dostal, 2004) (a: 
T-s curve; b: thermal efficiencies versus turbine inlet pressures). 
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is re-distributed in the N PCHE units based on the pressure balance in the 
fluid network, and (iv) the frictional pressure drop in the pipeline is no 
more than 0.6 kPa/m (Heatric, 2017). 

As the arrangements of the hot and cold sides are similar, the 

equations are provided for the hot side only (Fig. 6). The equations for 
mass conservation are as follows: 

Fig. 4. The total flow mode (TFM) and partial flow mode (PFM) adapted to the boiler design (This figure is cited from Ref. (Liu et al., 2020c). Copyright 
2020, Elsevier). 

Fig. 5. Comparison of thermal loads between sCO2 boiler and water-steam boiler (a: surface heat fluxes qA, the reference value is (3.8–4.5) MW/m2 for water-steam 
boiler; b: Volume heat flux qV, a reference value is (110–150) kW/m3 for water-steam boiler at Wnet = 100 MWe, (100–140) kW/m3 at Wnet = 300 MWe and (80–120) 
kW/m3 at Wnet = 600 MWe). 
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Fig. 6. Thermal integration of recuperators heat exchangers.  

Fig. 7. The PCHE model based on Refs. (Liu, 2022; Jiang et al., 2018b). (a) 3D model for the PCHE, (b) geometry size over the cross section, (c) geometry size of a 
zigzag channel, (d) discretized microtube in the PCHE model. 
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⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Mi− 1 = Mi + mi, i = 2, 3, ...,N − 1
Mh,in = Mi− 1 + M′

i− 1, i = 1, 2, ...,N − 1
Mh,in = M1 + m1

MN− 1 = mN

Mh,in = Mh,out

, (12)  

where the subscript i represents the ith PCHE unit. 
Because I and O are common pressure points, each branch connect-

ing the two points shares the same pressure drop, as represented by 

ΔPIO =ΔPIii′O, i = 1, 2, ...,N, (13)  

where ΔPIO is the total pressure drop containing the frictional compo-
nents in the pipeline and PCHE channels, as well as the local pressure 
drop when the fluid flows across different elements. The equations for 
these calculations are based on Refs. (Saber et al., 2009; Liu, 2022). 
Owing to the varied physical properties of CO2, a discretization method 
was applied. 

3.3.2. Optimal design of PCHEs 
The hot and cold plates were separated by etched channels and 

assembled via diffusion bonding (Fig. 7a). The cold and hot sCO2 fluids 
flow counter-currently. A PCHE unit has a characteristic size of Lx × Ly 
× Lz, wherein Lx and Ly should be smaller than 0.6 m and 8 m, respec-
tively (Linares et al., 2018). Rp is the ratio of the number of hot plates to 
that of cold plates (Rp = 2, in this study). The PCHE channels have 
semi-circular cross sections characterized by a diameter of dh (Fig. 7b). 
Edge width t1, wall thickness t2, and ridge width t3 were determined 
based on the allowed stress and corrosion of the material. Fig. 7c shows 
the zigzag channels with dc = dh, where dc is the characteristic diameter 
of the cold channels. The wave angle α is in the range of 25–40◦ (Jiang 
et al., 2018b), with α = 32.5◦ in this study, and the channel width was 
4.5 mm. The primary parameters are listed in Table 4. The thermal load 
between two neighboring discretization points (Jiang et al., 2018b) is 
given by 

Qk =mh
(
hh,k+1 − hh,k

)
=mc

(
hc,k − hc,k+1

)
(14) 

Qk can also be expressed as follows: 

Qk =LMTDkUkAk, (15)  

where LMTD is the logarithmic mean temperature difference, U and A 
are the heat transfer coefficient and heat transfer area, respectively, 
which are calculated as follows (Kim et al., 2016): 

LMTDk =

(
Th,k − Tc,k

)
−
(
Th,k+1 − Tc,k+1

)

ln
[(

Th,k − Tc,k
)/(

Th,k+1 − Tc,k+1
)] (16)  

Uk =
1

hc,k
+

te

kw,k
+

1
hh,kRp

(17)  

te(dc + t3)= (dc + t3)×

(
dc

2
+ t2

)

−
πdc

2

8
(18)  

Ak =
1

1 + RP
NcNp

(
1+

π
2

)
dcLc,k, (19)  

where te is the equivalent wall thickness; hc,k and hh,k are the heat 
transfer coefficients on the hot and cold sides of the discretization unit k, 
respectively; kw,k is the thermal conductivity of the metal wall; Np is the 
number of plates; Nc is the number of channels for each cold plate; and 
Lc,k is the segment length of the channels. 

Kim et al. (2016) proposed the correlations of Nusselt number and 
friction factor with Reynolds number Re in the range of 2000–58000. 

Nu=(0.0292± 0.0015)Re0.8138±0.0050 (20)  

f =(0.2515± 0.0097)Re− 0.2031±0.0041 (21) 

The PCHE of the DOE-sponsored STEP program was modeled to 
validate the proposed PCHE model. A comparison of the simulation 
results with those reported in literature (Jiang et al., 2018b) is presented 
in Table 5. The input parameters included the thermal load Q of the 
PCHE, inlet temperature Tc,i and pressure Pc,i of the cold sides, outlet 
temperature Th,o and pressure Ph,o of the hot side, and width Lx and 
height Ly of the PCHE unit. The relative deviation of the length Lz was 
2.32%, and the relative errors of other parameters were less than 1%. 
The calculated values were in good agreement with the STEP design 
values. 

3.4. sCO2 axial turbines 

Radial and axial turbines are suitable for small-scale and large-scale 
power generation, respectively (Fleming et al., 2012). Axial turbines 
were used in this study; the physical model is shown in Fig. 8a. The more 
stages the turbine has, the higher the turbine efficiency and fabrication 
cost (Wang et al., 2023). Based on this tradeoff, three stages were 
applied. In Fig. 8a, S represents the stationary blade, which increases the 
tangential velocity of the gas in the rotating direction; R represents the 
rotating blade, which converts the kinetic energy of the gas into torque; 
D is the hub radius; r is the radius of the blade tip; b is the blade height; 
and a is the axial chord length. Fig. 8b shows the h–s diagram and Fig. 8c 
shows the velocity triangle for the first stage expansion, where nodes 1 
and 2 represent the stator inlet and outlet, respectively. Node 3 repre-
sents the rotor outlet, and α and β represent the absolute and relative 
flow angles, respectively. 

The isentropic expansion is indicated by the dashed line from Node 1 
to Node 3ss, but the practical expansion is an entropy-rise process, 
indicated by the line from Node 1 to Node 3. The isentropic efficiency is 
given by 

ηT,1 =
h1 − h3

h1 − h3ss
(22) 

The total-to-total efficiency of a three-stage axial flow turbine is as 
follows (Wang et al., 2023): 

Table 4 
Geometry parameters for PCHEs (Jiang et al., 2018b).  

parameters values 

channel type zigzag 
diameter (dc and dh) 2.0 mm 
angle (α) 32.5◦

length of the channel (lw) 4.5 mm 
ratio of the number of hot plates to that of cold plates 2 
width of a PCHE module (Lx) 0.6 m 
upper limit of the height for a PCHE unit (Ly,ml) 8.0 m  

Table 5 
Comparison between the present PCHE model and STEP’s model (Jiang et al., 
2018b).   

STEP (10 MWe) Present model Relative error (%) 

Th,i/◦C 578.15 578.21 0.01% 
Tc,o/◦C 532.10 532.20 0.04% 
Ph,i/MPa 8.96 8.97 0.11% 
ΔPh/MPa 1.08 1.07 0.93% 
ΔPc/MPa 1.40 1.39 0.71% 
Np 4231 4230 0.02% 
Nc 109 110 0.92% 
Lz/m 0.86 0.88 2.32% 

Note: the input parameters are Q = 45.15 MW, Ph,o = 8.96 MPa, Pc,i = 23.75 
MPa, Pc,o = 23.61 MPa, Th,o = 192.00 ◦C, Tc,i = 181.95 ◦C, Lx = 0.35 m, Ly =

6.88 m. 
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ηtt =
h1 − h7

h1 − h7ss
, (23)  

where h7ss is the maximum enthalpy at the turbine outlet according to 
isentropic expansion. 

P02 at Node 2 is given by 

P02 = f
(

h2 +
V2

2

2
, s2

)

, (24)  

where h2 +
V2

2
2 is the total enthalpy, and V2 is the absolute velocity. 

Alternatively, replacing V2 by the relative velocity W2 (Fig. 8c) yields 
the following: 

P02R = f
(

h2 +
W2

2

2
, s2

)

(25) 

A similar method was applied to nodes 1 and 3; however, P01R could 
not be defined because no relative velocity existed at this node. The 
mean-line method was used for one-dimensional turbine calculations. 
The necessary assumptions are: (i) φ, ψ , and R are the same for different 
stages, (ii) the enthalpy drop is the same for different stages, (iii) the 
circumferential velocity U and radial velocity Vx are the same for 
different stages, and (iv) the flow angle is the same for different stages. 

The φ, ψ , and R allow for the calculation of absolute and relative flow 
angles, playing critical roles in the turbine simulation. The values set for 
these three parameters are listed in Table 6; φ and ψ are recommended 
to be 0.4 and 0.9, respectively, and R is recommended to be within the 
range of 0.45–0.50 (Da et al., 2014). In this study, R = 0.49 is used. 

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

α2 = arctan
(

1 − R + ψ/2
φ

)

,α3 = arctan
(

1 − R − ψ/2
φ

)

β2 = arctan
(
− R − ψ/2

φ

)

, β3 = arctan
(
− R + ψ/2

φ

) (26) 

The rotating speed of the turbine n is calculated as follows (Aungier, 
2005): 

NS =
n

̅̅̅̅
Q

√

(h1 − h7ss)
3/4 , (27)  

where NS is the specific speed, and Q is the volume flow rate; n is 
influenced by the power capacity. In China, the alternating current 
frequency is 50 Hz, which corresponds to a speed of 3000 rpm. To satisfy 
this requirement, gearboxes are necessary when the turbine speed ex-
ceeds 3000 rpm. It is inconvenient to use a gearbox when the power 
generation is greater than 450 MWe for a single turbine (Bidkar et al., 
2016). Thus, n = 3000 rpm was applied for turbines with powers greater 
than 450 MWe, and n was determined for powers less than 450 MWe. 

Fig. 8. Working principle of sCO2 axial flow turbine. (a) multi-stages axial flow turbine, (b) the h-s curve in the first stage of turbine (Aungier, 2005), (c) velocity 
triangles due to expansion (Aungier, 2005). 

Table 6 
Parameters for the turbines design.  

Parameters Values 

flow coefficient φ (Da et al., 2014) 0.4 
load coefficient ψ (Da et al., 2014) 0.9 
the degree of reaction R 0.49 
the number of stages 3  
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The peripheral velocity U and meridional velocity Vx are determined 
as follows: 

h3 = h1 −
(h1 − h7)

3
(28)  

U =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(h1 − h3)/ψ

√
,Vx =Uφ (29)  

{
V2 = Vx/cos α2,V3 = Vx/cos α3,V1 = V3
W2 = Vx/cos β2,W3 = Vx/cos β3

(30) 

Based on the calculated geometric parameters, an appropriate loss 
model was selected, and the isentropic efficiency of the turbine was 
determined through the iteration process. In this study, the Aungier 
model (Ainley and Mathieson, 1951) was selected owing to its founda-
tion in the AM (Ainley and Mathieson, 1951) and AMDC (Dunham and 
Came, 1970) models and its reference to the KO model (Kacker and 
Okapuu, 1982). The calculation of losses can be found in a previous 
study (Da et al., 2014). 

A validation of the turbine model is presented; here, the simulation 
results were compared with those for high-pressure and low-pressure 
turbines reported by the TPRI (Li et al., 2019b), which are listed in 
Table 7. They designed a 5 MWe sCO2 pilot test loop driven by a natural 
gas boiler (Li et al., 2019b). Two stages were involved in the two tur-
bines with a rotating speed of 9000 rpm. The degrees of reaction of the 
high-pressure and low-pressure turbines were 0.45 and 0.2, respectively. 
Other input parameters included the inlet temperature and pressure, 
pressure ratio, and mass flow rate. The maximum relative error was 
5.76%, which is acceptable. 

3.5. sCO2 axial compressors 

The sCO2 compressor pumped sCO2 fluid in the cycle. It is necessary 
to estimate the dimensions and velocity triangle at each stage by 
simultaneously solving the conservation equations for mass, mo-
mentum, and energy under the given inlet conditions (Aungier, 2003). 
Here, the axial-flow compressors were considered. Fig. 9a shows the 
physical model, where R represents the rotating blade, which converts 
the kinetic energy of the blade into the energy of sCO2, and S represents 
the stationary blade, which converts the kinetic energy of sCO2 into its 
static pressure. The number of stages for the compressor n is typically 
larger than that for the turbine. Eight and five stages were applied to C1 
and C2, respectively. The definitions of the geometric parameters of the 
compressor can be referenced to those of the turbine. Fig. 9b and c show 
the h–s diagram and velocity triangle, respectively, for the first stage. 

Isentropic compression is indicated by the dashed line from Node 1 
to Node 3ss. In practice, entropy increases during compression, as 
indicated by the line from Node 1 to Node 3. The isentropic efficiency is 
given by 

ηC,1 =
h1 − h3

h1 − h3ss
(31) 

The design methodology for the compressor is similar to that for the 
turbine. This method focused on one-dimensional calculation. The def-
initions and assumptions for the parameters, including the enthalpy 
drop, circumferential velocity U, radial velocity Vx, flow angles, flow 
coefficient φ, work coefficient ψ , and degree of reaction R, were iden-
tical for different stages. Notably, φ, ψ, and R are important parameters 
for the design of the axial-flow compressor. To select suitable values for 
these parameters, not only the efficiency improvement but also the 
prevent stalling should be considered. The criterion developed by de 
Haller (Wang et al., 2004) can predict whether stalling occurs and is 
expressed as follows: 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

φ2 +
( ψ

2 − R
)2

φ2 +
( ψ

2 + R
)2

√
√
√
√ < 0.72 (32) 

Based on the optimum results, the recommended values for the three 
parameters were φ = 0.33, ψ = 0.25, and R = 0.5 (Table 8). The flow 
angle and rotating speed were calculated using Eqs. (26) and (27), 
respectively; peripheral velocity U and meridional velocity Vx were 
determined using Eqs. 28–30. Various loss models have been proposed 
(Aungier, 2003); therefore, care should be taken while selecting suitable 
loss models. Because the experimental data conformed to the Aungier 
model (Aungier, 2003), it was adopted in this study. The design out-
comes predicted by the compressor model used in this study were 
compared with those reported in Ref. (Li et al., 2019a). A four-stage 
compressor with an inlet pressure of 7.6 MPa and pressure ratio of 
4.33 was employed. The mass flow rate and rotating speed were 1392.0 
kg/s and 3000 rpm, respectively. The comparison included several 
important geometric parameters. The deviations between the present 
predictions and the values reported in Ref. (Li et al., 2019a) were small, 
with a maximum deviation of 3.61% for the hub radius of the first stage 
rotor blade (Table 9). 

4. Results and discussion 

4.1. Effect of power capacities on thermal efficiencies of the system 

The present study considered the sCO2 cycle coupled with sCO2 
boilers, recuperator heat exchanger turbines, and compressors with Wnet 
in the range of (100–1000) MWe. Fig. 10a shows the parabolic distri-
bution of the thermal efficiency ηth versus the power capacity Wnet. With 
increasing Wnet, ηth increases, reaches a maximum, and subsequently 
decreases. This variation trend is evidently different from the monoto-
nous decrease in ηth over the entire Wnet range for the cycle coupled with 
the sCO2 boiler only (Fig. 10b). In other words, the cycle coupling with 
recuperators and turbomachinery changes the variation trend of the 

Table 7 
Comparison between the present turbine model and TPRI’s model (Li et al., 2019b).  

parameters T1 T2 

TPRI Present model Relative error (%) TPRI Present model Relative error (%) 

inlet temperature (◦C) 600 600 / 600 600 / 
inlet pressure (MPa) 20.0 20.0 / 14.6 14.6 / 
pressure ratio 1.32 1.32 / 1.71 1.71 / 
mass flow rate (kg/s) 80.6 80.6 / 82.1 82.1 / 
rotating speed (r/min) 9000 9000 / 9000 9000 / 
number of stages 2 2 / 2 2 / 
degree of reaction 0.45 0.45 / 0.2 0.2 / 
first stage stator blade height (mm) 14.56 15.40 5.76 17.38 17.89 2.93 
number of first stage stator blades 67 69 2.99 66 68 3.03 
last stage stator blade height (mm) 17.27 17.40 0.75 23.65 22.86 4.37 
number of last stage stator blades 67 68 1.49 65 66 1.54 
isentropic efficiency (%) 77.07 76.47 0.78 79.21 78.87 0.43  
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efficiency curves. Practical sCO2 power plants are likely to exhibit the 
performance curve shown in Fig. 10a. The maximum ηth occurs at Wnet 
of 200 MWe when using the TFM, but occurs at Wnet of 300 MWe when 
using the PFM. 

Fig. 10a and b demonstrate the significant contribution of the PFM in 
improving the system performance. The difference in thermal effi-
ciencies between the PFM and TFM increased with an increase in Wnet. 
For example, this difference is 0.30% at Wnet = 100 MWe, but becomes 
6.44% at Wnet = 1000 MWe (Fig. 10a), indicating that it is necessary to 
apply PFM for practical design of sCO2 power plants. The PFM yielded 
insensitive variations in thermal efficiencies at various power capacities. 
The difference in efficiency was approximately 0.19% between Wnet of 
100 MWe and 1000 MWe (Fig. 10a). For the cycle coupled with the sCO2 
boiler only, the difference in efficiency was 1.80% between Wnet of 100 
MWe and 1000 MWe (Fig. 10b). 

In Fig. 10a, the comprehensive effect was decoupled to consider the 
independent effect of each parameter on the thermal efficiency. Four 
curves are presented in Fig. 11, where the red curve represents the 
overall ηth curve, and the other three curves represent the effects of 

pressure drop in the sCO2 boiler, pressure drops in the sCO2 boiler and 
recuperators, and turbine and compressor efficiencies. For both TFM and 
PFM, the varied turbine and compressor performances increased the 
thermal efficiency of the system with an increase in Wnet. In contrast, the 
pressure drops in the sCO2 boiler significantly decreased the thermal 
efficiency of the system with an increase in Wnet. The efficiency curve 
considering the pressure drops in the sCO2 boiler and recuperators 
exhibited a distribution similar to that considering the pressure drops in 

Fig. 9. Working principle of sCO2 axial flow compressor. (a) multi-stages axial flow compressor, (b) the h-s curve in the first stage of compressor (Aungier, 2003), (c) 
velocity triangles due to compression (Aungier, 2003). 

Table 8 
Parameters for the compressor design.  

Parameters Values 

Flow coefficient φ 0.33 
Load coefficient ψ 0.25 
The degree of reaction R 0.5 
the number of stages for C1 8 
the number of stages for C2 5  

Table 9 
Comparison between the present compressor model and TPRI’s model (Li et al., 
2019a).  

parameters TPRI Present 
model 

Relative error 
(%) 

inlet temperature (◦C) 32 32 / 
inlet pressure (MPa) 7.6 7.6 / 
pressure ratio 4.33 4.33 / 
mass flow rate (kg/s) 1392.0 1392.0 / 
rotating speed (r/min) 3000 3000 / 
number of stages 4 4 / 
first stage rotor exit width (mm) 140 138 1.42 
hub radius of first stage rotor blade 

(mm) 
166 160 3.61 

tip radius of first stage rotor blade 
(mm) 

340 335 0.15 

last stage rotor blade width (mm) 178 176 1.18 
hub radius of last stage rotor blade 

(mm) 
145 141 2.76 

tip radius of last stage rotor blade 
(mm) 

480 474 1.25 

isentropic efficiency (%) 85 83.9 1.29  
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the sCO2 boiler only, with further reduced thermal efficiencies. In 
summary, the parabolic distribution of the overall efficiency curve in-
dicates a tradeoff between the improved performance of the turbines 
and compressors and the deteriorated performance of the sCO2 boilers 
and recuperators at higher power capacities. 

4.2. Effect of power capacities on pressure drops 

The compressor supplied the pressure head to maintain sCO2 circu-
lation in the system. Here, we analyzed the influence of the power ca-
pacities on the pressure drops. 

4.2.1. Pressure drop in sCO2 boiler 
The sCO2 boiler consists of Heater 1, Heater 2, and Heater 4a (Fig. 4). 

Two modules are included in each heater for TFM, but more modules are 
included for PFM. Pressure drops are shown in Fig. 12, where ΔPboiler =

ΔPHeater 1 + ΔPHeater 2. For both modes, TFM and PFM, pressure drops 
increase with increase in power capacities owing to increased flow rates 
in the tubes of various heaters. It is observed that the ΔPHeater 1 curve 
approaches the ΔPboiler curve, demonstrating the dominant contribution 
of ΔPHeater 1. Comparing Fig. 12a and b, pressure drops when using PFM 
are one magnitude smaller than those when using TFM. For example, 
ΔPboiler equals to 2.0 MPa at Wnet = 1000 MWe for PFM, but equals to 
10.5 MPa at the same power capacity for TFM, which is not acceptable 
for practical engineering. 

As shown in Fig. 1, P2 and P5 are the pressures at the compressor C1 

outlet and turbine T1 inlet, respectively. Ideally, P2 = P5 yields no 
pressure drop in the heat exchangers between the two state points, 
thereby maximizing the cycle efficiency. In practice, pressure drops 
exist, but P2− P5 should be as small as possible to improve the perfor-
mance of the system. Fig. 13a shows the increased P2− P5 versus power 
capacities, which are significantly larger for the TFM than for PFM, 
considering the logarithm coordinate used in the vertical axis of 
Fig. 13a. 

Because the compressors supply the pressure head to circulate sCO2 
in the cycle, the pressure drop P2− P5 generates an additional load for the 
compressors. For the sCO2 cycle, the consumption work of the com-
pressors is larger, which is distinct from the water-steam Rankine cycle 
(Zhou et al., 2020). In Fig. 13b, WC1/Wnet and WC2/Wnet quantify the 
compression work per unit power capacity, which is also called the 
specific consumption work, for C1 and C2, respectively. Fig. 13b shows 
that the slopes of the WC1/Wnet and WC2/Wnet curves are mild with 
respect to Wnet when using the PFM. That is, the specific consumption 
work of the two compressors was insensitive to variations in Wnet. 
WC1/Wnet and WC2/Wnet achieve values of 0.21 and 0.26, respectively, at 
Wnet = 1000 MWe. In contrast, the specific consumption work sharply 
increases with an increase in Wnet when using the TFM; WC1/Wnet and 
WC2/Wnet reach 0.33 and 0.35, respectively, at Wnet = 1000 MWe. 

4.2.2. Pressure drop in recuperators 
Given that the minute nature of the channels (millimeter scale) used 

in the PCHE, neglecting pressure drops in the PCHE may overestimate 
the thermal efficiency of the system. For the parallel connection of the 

Fig. 10. Thermal efficiencies at different power capacities. (a) result of this 
paper, (b) result cited from Ref. (Liu et al., 2020c). 

Fig. 11. Effects of pressure drops in boiler and recuperators, as well as isen-
tropic efficiency of turbines and compressors on thermal efficiencies. 
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PCHE units, the pressure drop of the entire integration package depends 
on the number of PCHE units, as listed in Table 10; the number of PCHE 
units increases with an increase in the power capacity for both HTR and 
LTR. Fig. 14a and b illustrates the increased pressure drops in the HTR 
and LTR, respectively, when the power capacity increases, which are 
similar to those for the sCO2 boiler shown in Fig. 12. 

Using the logarithmic coordinate in the vertical axis in Fig. 14c, 
ΔPre/ΔPboiler quantifies the relative magnitude of pressure drop in 
recuperators including HTR and LTR with respect to that in boiler 
including all the heater modules. Due to smaller pressure drop in sCO2 
boiler using PFM than that using TFM, the curve of ΔPre/ΔPboiler for PFM 
is above that for TFM. Because the PFM is recommended for practical 
applications, attention should be paid to the curve while using it. The 
ΔPre/ΔPboiler shows a decreasing trend versus Wnet, with ΔPre/ΔPboiler ≈

1 taking place at Wnet = 400 MWe. That is, the pressure drop in the 
recuperators is larger than that in the sCO2 boiler for power capacities 
less than 400 MWe, but smaller than that in the sCO2 boiler for power 
capacities greater than 400 MWe. This implies that neglecting the 
pressure drop in the recuperators or fixing the pressure drop to a small 
value (Li et al., 2019a; Mecheri and Moullec, 2016) may overestimate 
the overall system performance. 

4.3. Isentropic efficiencies of turbine and compressor at various power 
capacities 

Under ideal conditions, the expansion process of the turbine and 
compression process of the compressor are isentropic with no irrevers-
ible losses. However, under practical conditions, it is not feasible to 
convert thermal energy into mechanical work with a conversion effi-
ciency of 100%. Fig. 15a shows the isentropic efficiencies of the turbines 
versus the power capacities. The horizontal axis represents power 
generated by the turbine. For a 1000 MWe power plant, each turbine 
contributes approximately 750 MWe of power. The low pressure turbine 
T2 and high pressure turbine T1 show similar trend for efficiencies, 
ranging from 88.5% at WT = 73.3 MWe to 92.3% at WT = 754.8 MWe for 
T2 and 85.8% at WT = 72.4 MWe to 91.3% at WT = 720.8 MWe for T1. 
The isentropic efficiency ηt is small at WT = 75 MWe; however, it in-
creases quickly with increasing WT; the curve slope becomes smaller for 
WT > 300 MWe. T1 had a lower efficiency than T2 owing to the pressure 
effect. The irreversibility of a turbine can be represented in a T–s dia-
gram. As shown in Figs. 15b, 4–5 and 4′–5′ represent the heat absorption 
process in Heaters 1 and Heater 2, respectively; 5–4′ and 5′–6 represent 
the expansion in T1 and T2, respectively; the red line represents the case 
of Wnet = 100 MWe, and the black line represents the case of Wnet =

1000 MWe. For T1, the entropy increase in the expansion with Wnet =

100 MWe was greater than that with Wnet = 1000 MWe. The difference 
in the entropy increase at the two power capacities is indicated by ΔsT1. 
A similar trend was observed for T2, with a difference in the entropy 
increase at Wnet = 100 MWe and 1000 MWe, marked by ΔsT2. Thus, it 
can be concluded that the small-scale turbines exhibit higher irrevers-
ibility, yielding low efficiency. 

Fig. 12. Pressure drops in boiler at different power capacities.  

Fig. 13. Pressure drops in boiler (a) and work consumption of compressors (b).  

Table 10 
The number of the PCHE parallel branches at different power capacities.  

Wnet/MWe TFM PFM 

HTR LTR HTR LTR 

100 3 3 3 3 
200 5 5 5 5 
300 8 7 8 7 
400 10 9 10 9 
500 13 11 12 10 
600 16 14 15 12 
700 19 17 17 15 
800 22 20 19 17 
900 24 23 22 19 
1000 29 26 24 21  

Z. Wang et al.                                                                                                                                                                                                                                   



Journal of Cleaner Production 416 (2023) 137949

14

Fig. 16a shows the isentropic efficiencies of the compressors versus 
the power capacities; the horizontal axis represents power consumption 
of the compressor. For a 1000 MWe power plant, the main compressor 
C1 consumes approximately 250 MWe of power, and the auxiliary 
compressor C2 consumes approximately 250 MWe of power. C1 and C2 
show similar trend for efficiencies, ranging from 84.0% at WT = 20.1 
MWe to 84.8% at WT = 192.4 MWe for C1 and 87.2% at WT = 27.2 MWe 
to 88.4% at WT = 247.9 MWe for C2. However, the curve slope of the 
compressors is smaller than that of the turbines. Similar to turbines, the 
irreversibility of a compressor can be represented in a T–s diagram. In 
Figs. 16b, 8–1 represent the heat rejection process in the cooler; 1–2 and 
8–3 represent the compression in C1 and C2, respectively, with the red 
line representing the case of Wnet = 100 MWe and black line repre-
senting the case of Wnet = 1000 MWe. For C1, the entropy increase in the 
expansion with Wnet = 100 MWe was greater than that with Wnet = 1000 

MWe. The difference in the entropy increase at the two power capacities 
is indicated by ΔsC1. A similar trend was observed for C2, with a dif-
ference in the entropy increase at Wnet of 100 MWe and 1000 MWe, 
marked by ΔsC2. Small-scale compressors have a higher irreversibility, 
yielding low efficiency. 

In Fig. 17a and b, IT/Wnet and IC/Wnet quantify the exergy loss per 
unit power capacity of the turbine and compressor, respectively, which 
is also called the specific exergy loss. Both parameters decrease as Wnet 
increases; however, the IC/Wnet curves are mild compared with IT/Wnet 
curves. IT/Wnet achieved 0.045 at Wnet = 100 MWe and 0.025 at WT =

1000 MWe for T1, and IC/Wnet achieved 0.028 at Wnet = 100 MWe and 
0.024 at Wnet = 1000 MWe for C1. 

4.4. Exergy loss analysis at various power capacities 

This section presents the analysis of the exergy loss distribution of 
the components at various power capacities. Considering the power 
capacities of 1000 MWe and 100 MWe as representative examples, the 
distribution of the exergy loss proportions for each component is pre-
sented in Fig. 18, where red and black lines denote 1000 MWe and 100 
MWe, respectively. The boiler contributed significantly to the total 
exergy loss, accounting for a large portion of the overall loss. Owing to 
the large pressure drop in the boiler at a large capacity, the proportion of 
exergy loss in the boiler at a large capacity exceeded that at a small 
capacity. For PFM, it accounts for 76.73% at Wnet = 1000 MWe and 
more than 74.99% at Wnet = 100 MWe; the proportion difference in-
creases for TFM. For the turbine, the variation trend of the exergy loss at 
different power capacities differed from that of the boiler. For PFM, the 
proportion of exergy loss in turbine accounts for 3.97% at Wnet = 1000 
MWe and less than 6.59% at Wnet = 100 MWe. For the other 

Fig. 14. Pressure drops in recuperators at different power capacities. (a) 
pressure drops in HTR, (b) pressure drops in LTR, (c) ratio of pressure drop in 
recuperators with respect to that in boiler. 

Fig. 15. Isentropic efficiencies of turbines at different power capacities (a) and 
T-s roadmaps for heat absorption and expansion processes for Wnet = 100 MWe 
and 1000 MWe (b). 
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components, the exergy destruction distributions versus power capac-
ities were similar. Furthermore, to compare the relative magnitudes of 
the total irreversibility losses at different capacities, a dimensionless 
ratio of the total irreversibility losses to the net power output was 
defined and denoted as Itotal/Wnet. This ratio represents the irreversible 
losses per unit of net power output. Fig. 19 plots the curves of Itotal/Wnet 
at various power capacities, showing an opposite trend to that of the 
thermal efficiencies at various power capacities, as shown in Fig. 10a; 
Itotal/Wnet first decreases and then increases with increasing power ca-
pacity. For the PFM, 300 MWe corresponded to the minimum relative 
exergy destruction, whereas it was 200 MWe for the TFM. 

5. Comments on thermal efficiencies at different power 
capacities 

Recently, scale laws have been developed to explore the system 
performance at different power capacities of sCO2 coal-fired power 
systems (Liu et al., 2020c). The laws focused on the effect of the pressure 
drops in the sCO2 boiler on the system performance by neglecting the 
pressure drops in the heat exchangers, except for the sCO2 boiler, and by 
assuming a constant isentropic efficiency of the turbomachinery. The 
thermal efficiency of the system was found to decrease with the increase 
in the power capacity (Liu et al., 2020c). 

In contrast to Ref. (Liu et al., 2020c), the sCO2 cycle was coupled 
with models of various components, including sCO2 boilers, recuperator 
heat exchangers, turbines, and compressors in the present study. 
Because the heat recovery of the cycle is three to four times the net 
power output (Xu et al., 2018) and the thermal load for a single recu-
perator is limited, a fluid network was proposed for the first time to 
integrate recuperator units. A model was established for both a single 

recuperator unit and the entire integration package. The proposed 
model also dealt with varied efficiencies at different power capacities. 
To eliminate the penalty effect of ultra-large pressure drops in the sCO2 
boiler, the PFM was applied and compared with the TFM. We believe 
that the results based on the current model are closer to practical sce-
narios than those of our previous study (Liu et al., 2020c) and other 
related studies, which fixed the pressure drops in the recuperators and 
isentropic efficiencies of turbomachinery in their cycle analyses 
(Moullec, 2013; Li et al., 2019a; Mecheri and Moullec, 2016; Park et al., 
2018; Wang et al., 2018; Zhou et al., 2020). 

A parabolic distribution is identified for thermal efficiencies versus 
power capacities, which is the outcome of the deteriorated performance 
owing to pressure drops in the heat exchangers and the improved effi-
ciencies of turbomachinery. When Wnet is increased from 100 MWe to 
1000 MWe, the thermal efficiencies of the system increase, reach a 
maximum, and then decrease, which differs from the decreased thermal 
efficiencies when considering the pressure drops in sCO2 boilers only 
(Liu et al., 2020c). 

Economy, in addition to plant efficiency, is a critical aspect to 
enhance market competitiveness of the sCO2 power plant and acceler-
ates its commercialization. The recuperator is recognized as a key 
technology in the development of the sCO2 cycle. Because the heat re-
covery reaches three to four times the net power output of sCO2 cycle, 
the cost of sCO2 recuperator dominates the total component cost of coal- 
fired sCO2 power plant. The selection of pinch temperature ΔT in-
fluences the cycle performance; too small a value of pinch temperature 
significantly increases the cost of heat exchangers owing to the increase 
of volume and fabrication difficulty, whereas too large a value of pinch 
temperature deteriorates the cycle efficiency, which further increases 
the coal consumption of the power plant and operating costs. As shown 
in Fig. 20, both the cost of the recuperator and thermal efficiency 
decrease as the pinch temperature ΔT increases. For the capacity of 1000 

Fig. 16. Isentropic efficiencies of compressors at different power capacities (a) 
and T-s roadmaps for heat rejection and compression processes for Wnet = 100 
MWe and 1000 MWe (b). 

Fig. 17. Exergy loss of turbines and compressors per unit power capacity (a) 
Turbines (b) Compressors. 
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MWe, the cost of recuperator is 172.6 M$ when the pinch temperature is 
10 ◦C, accounting for 44.02% of the total component cost, and the 
thermal efficiency is as high as 53.6% at ΔT = 10 ◦C. When the pinch 
temperature is raised to 30 ◦C, the cost of recuperator is reduced to 
approximately 86.0 M$ and thermal efficiency is lowered to 49.2%. 

An economic comparison between a coal-fired sCO2 power plant and 
water-steam power plant at Wnet = 1000 MWe was presented in our 
previous study (Xu et al., 2021). Compared with the water-steam sys-
tem, the cost of the sCO2 turbine decreased by 30.0% owing to the 
compact size, and the cost of sCO2 boiler increased by 36.3% due to the 

increase in the grade and thickness of heating surface steel. The cost of 
sCO2 recuperator is one order of magnitude higher than that of a 
water-steam power plant. Therefore, the entire sCO2 power system in-
creases the total equipment cost by 1.92 times. However, owing to the 
superiority in efficiency of sCO2 power plant over the 30-year lifespan of 
the power plant, the levelized cost of electricity (LCOE) is 60.56 $/MWh, 
which is 1.32% lower compared with that of the water-steam system. 
Therefore, we conclude that, even though the fabrication cost increases, 
the sCO2 power system is preferable over the water-steam system. The 
cost of the sCO2 power system can be further reduced by optimizing the 
recuperator, which is a key component of the system. 

Moreover, according to the cost model, the cost of the entire sCO2 

Fig. 18. Exergy destruction distributions in the cycle at power capacities of 1000 MWe and 100 MWe.  

Fig. 19. The ratio of the total exergy destruction to power capacities.  

Fig. 20. Effect of pinch temperature in recuperator on the cost of recuperator 
and thermal efficiency. 
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power system is approximately proportional to the net output power 
Wnet. However, as the power capacity was increased from 100 MWe to 
1000 MWe, the thermal efficiencies increased, reached a maximum, and 
then decreased. The maximum thermal efficiency occurred at Wnet =

300 MWe when the PFM was used; therefore, the economy at Wnet = 300 
MWe was optimal. 

6. Conclusions 

A comprehensive model was introduced by incorporating various 
component models. Owing to the limited load of a single recuperator 
heat exchanger, a fluid network integrating recuperator units was 
established for large-scale heat recovery. A thermal-hydraulic model 
was proposed for both the single units and the integration package. For 
the sCO2 boiler, the total thermal load was assigned to the various 
heaters. Owing to the strong penalty effect of the pressure drop, 
comparative studies were performed for the sCO2 boiler using the TFM 
and PFM. For axial-flow turbomachinery, various losses were considered 
to predict the efficiencies at different power capacities. Ten power ca-
pacities ranging from 100 MWe to 1000 MWe were investigated. As the 
power capacity increased, the pressure drops in the boiler and recu-
perator increased. Compared with the pressure drop in the boiler, the 
pressure drop in the recuperator was smaller, ranging from 0.10 MPa to 
0.25 MPa. Therefore, the pressure drop in sCO2 boiler exhibits a domi-
nant contribution to the total pressure drop. The pressure drops in the 
sCO2 boiler and recuperator should be overcome via compressors by 
incorporating an additional load to increase the specific consumption 
work, which deteriorates the system performance. The penalty effect of 
pressure drops is significantly relieved by using the PFM, for which the 
sCO2 boiler is subdivided into several heater modules using a reduced 
flow rate and shorter length for each module compared with the PFM. 

For axial-flow turbomachinery, as the power capacity increases, the 
irreversible losses decrease, resulting in a higher isentropic efficiency. 
The thermal efficiency of the system is a tradeoff between the deterio-
rated performance owing to pressure drops in heat exchangers and the 
improved performance owing to increased turbomachinery efficiency at 
larger power capacities. As the power capacity was increased from 100 
MWe to 1000 MWe, the thermal efficiencies increased, reached a 
maximum, and then decreased. The maximum efficiency occurred at 
Wnet of 300 MWe and 200 MWe with the PFM and TFM, respectively. 
This study provides insights for the selection of the optimal power ca-
pacity of the sCO2 coal-fired power plants. 
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Glossary 

Ak: heat transfer area of cold side for kth sub-exchanger 
Bcal: coal consumption rate, kg/s 
Bo: Boltzmann constant 

d: diameter, m 
e: exergy per unit mass, kJ/kg 
E: exergy, kJ 
f: friction coefficient 
G: mass flux, kg/m2s 
h: enthalpy, kJ/kg heat transfer coefficients, W/(m2K) 
I: exergy destruction, MW 
k: thermal conductivity of metal wall, W/(mK) 
L: length of PCHE, m 
lw: wave length of PCHE, m 
M: mass flow rate in main-pipe, kg/s 
m: mass flow rate of CO2, kg/s mass flow rate in branch-pipe, kg/s 
N: number of parallel branches 
Nc: number of PCHE cold plates 
Nh: number of PCHE hot plates 
NS: specific speed of turbomachinery 
Nu: Nusselt number 
n: rotating speed of turbomachinery, r/min 
P: pressure, MPa 
q: heat flux, kW/m2 

Q: thermal load, MW; heating value, kJ/kg volume flow rate in turbomachinery, m3/s 
R: degree of reaction in turbomachinery 
Rp: the ratio of the number of hot plates Nh with respect to the cold plates Nc 
Re: Reynolds number 
S: heat transfer area of total heaters below the furnace exit 
s: entropy, kJ/kg 
T: temperature, ◦C 
T″: flue gas temperature at furnace outlet, ◦C 
t1: edge width of PCHE, mm 
t2: wall thickness of PCHE, mm 
t3: ridge width of PCHE, mm 
te: equivalent wall thickness, mm 
U: peripheral velocity of rotor, m/s 
Uk: overall heat transfer coefficient of kth sub-exchanger, W/(m2K) 
V: absolute velocity in turbomachinery, m/s 
Vx: meridional velocity in turbomachinery, m/s 
(VC)av: average specific heat of flue gas, kJ/(kgK) 
W: output/ input work, MW relative velocity in turbomachinery, m/s 
x: split ratio 

Greek symbols 
α: wave angle of PCHE wave channel, ◦absolute flow angle in turbomachinery, ◦
β: relative flow angle in turbomachinery 
φ: boiler heat retention coefficient flow coefficient of turbomachinery e 
ψ: loading coefficient of turbomachinery 
Δ: difference; absolute roughness of tubes, mm 
ΔP: pressure drop, MPa 
η: efficiency 
ρ: density, kg/m3 

θ’’: dimensionless flue gas temperature at furnace outlet 
εsyn: furnace emissivity 

Subscripts 
1, 2, 3 …: state points 
a: acceleration 
ar: received basis of the designed coal 
ave: average 
c: cold temperature side 
cal: calculated value 
exg: exhaust flue gas 
f: fluid; friction 
g: gravity gravitational acceleration 
fg,i: interface of high temperature flue gas and moderate temperature flue gas 
fg,o: interface of moderate temperature flue gas and low temperature flue gas 
fg,ex: interface of exhaust flue gas 
flame: theoretical combustion 
h: high temperature side 
i: inner of tube; inlet of moderate temperature flue gas region; ith PCHE branches 
k: the kth sub-exchanger of recuperators 
net: net power out put 
o: outer of tube; outlet of moderate temperature flue gas region 
T: turbine 
th: thermal adiabatic combustion 
x: x axis 
y: y axis 
z: z axis 

Abbreviation 
AP: air preheater 
C1: the main compressor 
C2: the auxiliary compressor 
EAP: external air preheater 
HRH: high temperature reheater 
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HTR: high-temperature recuperator 
LMTD: logarithmic mean temperature difference 
LHV: lower heating value 
LRH: low temperature reheater 
LTR: low-temperature recuperator 
PFM: partial flow mode 
R: rotor 
RC: recompression cycle 

RH: reheating 
OEU: overlap energy utilization 
S: stator 
SC: simple cycle 
SH: superheater 
T1, T2: turbine 
TFM: total flow mode 
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