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A B S T R A C T   

Supercritical carbon dioxide (sCO2) cycle is suitable for high temperature heat source, but introduces challenging 
in absorbing moderate/low temperature flue gas energy for coal fired power plant. Here, we explore the effect of 
flue gas cooler (FGC) and overlap energy utilization (OEU) on sCO2 cycle. FGC and OEU extract moderate 
temperature flue gas energy by a splitting CO2 flow rate from the cycle and a combined cycle, respectively. 
Recompression cycle plus reheating (RC + RH) and tri-compression cycle plus reheating (TC + RH) are two basic 
cycle types for coal fired power plant. A thermodynamics model coupling with thermal–hydraulic characteristic 
is developed. The analysis is performed for a 100 MW rated power capacity. For RC + RH, we show that OEU 
yields an electric power efficiency increment of 0.13% compared to FGC, which is caused by smaller pressure 
drops in boiler components when using OEU. Even though TC + RH introduces difficulty in absorbing moderate/ 
low temperature flue gas energy, OEU still can decrease outlet flue gas temperature (Tfg,ex) to 126 ◦C, which is 
acceptable. However, FGC achieves a higher Tfg,ex of 172.6 ◦C by a pinch temperature difference limit of 30 ◦C, 
which deteriorates boiler efficiency thus it is not acceptable. We conclude that OEU is better than FGC, no matter 
for RC + RH or TC + RH. The double-channel-tail-flue concept is proposed to not only increase thermal efficiency 
of the system, but also elevate boiler efficiency. This paper presents an important clue to design thermodynamics 
cycle for small capacity coal fired power plant, which is expected to have fast response with respect to load 
variations.   

1. Introduction 

Supercritical carbon dioxide cycle (sCO2) was proposed by Sulzer in 
1950 [1]. The sCO2 cycle was not paid much attention since its initial 
proposal, but great progresses have been made on sCO2 cycle recently 
[2]. The heat source to drive a sCO2 cycle can be nuclear energy [3-7], 
solar energy [8-12], waste heat [13-16], and fossil energy (nature gas 
and coal) [17-21]. The research and development (R&D) on fossil en-
ergy driven sCO2 cycle comes from the demand in developing power 
plants with fast response to load variations. Due to the increased utili-
zation of renewable energy [22], the electric grid will be operating in a 
mixing mode to include various energy sources of renewable, nuclear 
and fossil. Commercial power plants operating in water-steam Rankine 
cycle slowly respond to load variations. The different change speeds of 
load variations between fossil energy and renewable energy account for 

the “wind and solar curtailment” phenomenon [23]. Compared with 
water-steam Rankine cycle, sCO2 cycle not only has higher efficiency, 
but also has quick response to load variations due to simplified system 
design [24]. 

There does not exist a fixed sCO2 cycle that can be suitable for all the 
heat sources [24]. For instance, due to narrow temperature range of heat 
source coupling with the cycle, recompression cycle (RC) is suitable for 
nuclear energy and solar energy, but is not suitable for waste heat [25]. 
Xu et al. [26] commented on key issues when sCO2 cycle is applied for 
coal fired power plant. First, mass flow rate is significantly larger for 
sCO2 cycle compared to water-steam Rankine cycle, noting that mass 
flow rate is scaled as m ~ Δh− 1 where Δh is the enthalpy difference of 
working fluid across a boiler. For sCO2 cycle, the much smallerΔh yields 
ultra-large mass flow rate and significantly larger pressure drop in 
various heat exchangers. To overcome this difficulty, Xu et al. [26] 
proposed the module boiler design, by which pressure drops for sCO2 
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cycle can be decreased to a similar level as those of water-steam Rankine 
cycle. 

The second issue is the extraction of flue gas energy over entire 
temperature range [26] Combusting coal generates ~1500 ◦C flue gas, 
while the outlet flue gas temperature discharged to environment should 
be as low as possible (for example, ~120 ◦C). Hence, a sCO2 cycle should 
absorb flue gas energy within a wide temperature range of (1500–120) 
oC. Extraction of flue gas energy over entire temperature range shall 
satisfy the cascade energy utilization principle. In the literature, there 
are two methods to achieve this target. A flue gas cooler (FGC) extracts a 
portion of CO2 flow rate somewhere in a sCO2 cycle (for example, from a 
compressor outlet), heats the splitting CO2 stream by moderate tem-
perature flue gas, and then mixes with the main CO2 stream somewhere 
of the cycle [27-30]. Therefore, flue gas energy in high, moderate and 
low temperature range is absorbed by the main sCO2 cycle, a FGC and an 
air-preheater (AP), respectively, satisfying the cascade energy utiliza-
tion principle. Xu et al. [26] commented on the effect of different 
extraction point and re-mixing point on cycle performance. FGC can 
decrease the outlet flue gas temperature to a significantly low level, 
raising the boiler efficiency, but slightly decrease the system thermal 
efficiency due to more heat added to the cycle. 

Alternatively, a combined sCO2 cycle absorbs flue gas energy over 
entire temperature range. A top cycle and a bottom cycle absorb high 

and moderate temperature flue gas energy, respectively [31]. The 
overlap energy utilization is proposed to fill the efficiency gap between 
the two cycles [32]. The top cycle absorbs high temperature flue gas 
heat, but the bottom cycle not only absorbs moderate temperature flue 
gas heat, but also absorbs a portion of high temperature flue gas heat. 
Hence, the bottom cycle efficiency is raised to improve the global effi-
ciency of the system. The utilization of two cycles introduces more 
components in the system. To simplify the system design, the compo-
nents sharing technique was proposed [32]. The analysis for a 1000 MW 
power plant shows the improved system efficiency by using overlap 
energy utilization compared to cascade energy utilization. 

The above descriptions comment on the absorption of flue gas energy 
over entire temperature range. Now, we comment on the cycle that can 
be used for coal fired power plant. RC is widely applied for various heat 
sources [9,33,34]. One may ask a question that is RC the best cycle for 
thermal-power conversion? To answer this question, Sun et al. [35] in-
troduces synergetics to construct multi-compressions sCO2 cycle. The 
analysis starts from the decoupling of a RC into two simplified simple 
Brayton cycles (sCs, each sC contains one heater, one compressor, one 
turbine, one recuperator and one cooler). It is seen that RC has higher 
efficiency than a single sC. The cooperative interaction of the two sCs 
can be regarded as the extra heat of the whole system is only dissipated 
to environment by the first sC, while the extra heat of the second sC is 

Nomenclature 

B coal consumption rate, kg/s 
d diameter, m 
e exergy, kJ/kg 
f friction coefficient 
G mass flux, kg/m2s 
h enthalpy per unit mass, kJ/kg 
H height, m 
I exergy destruction, MW 
l length of component, m 
m mass flow rate, kg/s 
P pressure, MPa 
Pr Prandtl number 
q heat absorption per unit mass flow rate, kW/kg; 
Q thermal load, MW; heating value, kJ/kg 
Re Reynolds number 
s entropy per unit mass, kJ/kg; 
T temperature, oC 
w output/input work per unit mass, kJ/kg; 
W output/input work, MW 
x split ratio 

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

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

volume 

Subscripts 
0 environment 
1, 2, 3… state points 
ar received basis of the designed coal 
cal calculated value 
e electric power 

exg exhaust flue gas 
f fluid; friction 
fg flue gas 
fh fly ash after coal fired 
flame theoretical combustion 
H high temperature 
h high temperature side 
i inner of tube; inlet of medium temperature flue gas heater; 

the i-th species 
L low temperature 
M medium temperature 
net net power output 
o outer of tube; outlet of medium temperature flue gas heater 
pri primary 
sec secondary 
th thermal 

Abbreviation 
AP air preheater 
C1 the main compressor 
C2 the auxiliary compressor 
EAP external air preheater 
FGC flue gas cooler; a method to absorb residual flue gas heat 

which a flue gas cooler is arranged in boiler tail flue 
LCW lower part of cooling wall 
LHV lower heating value 
LTR low-temperature recuprator 
OEU overlap energy utilization 
RC recompression cycle 
RH reheating 
RH1 reheater 1 
sC simple cycle 
SH1 superheater 1 
T1 the high pressure turbine 
T2 the low pressure turbine 
TC tri-compression cycle 
UCW upper part of cooling wall  
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dissipated to the first sC, not to environment. Hence, the mean efficiency 
of the second sC can be 1. Multi-compressions sCO2 cycle can be con-
structed in a similar way. For instance, the tri-compressions cycle (TC) is 
built by cooperation between a RC and a sC. At the main vapor pa-
rameters 550 ◦C/20 MPa, thermal efficiencies are increased from 
47.43% for RC to 49.47% for TC. Other techniques such as intercooling 
and reheating also improve the system performance. It is shown that 
intercooling only has weak influence on efficiency, thus it is not 
considered in this paper [26]. However, reheating apparently elevates 
the absorption temperature of a cycle [26], hence it is adopted in this 
paper. 

The above comments indicate that FGC reflects cascade energy uti-
lization, improving boiler efficiency but weakens thermal efficiency of 

the system. Overlap energy utilization (OEU) uses a combined cycle to 
extract flue gas energy. Compared to conventional combined cycle, OEU 
sufficiently utilizes the high quality of flue gas energy in high temper-
ature zone, even for bottom cycle. Hence, OEU is useful to maximize the 
whole system efficiency. 

The objective of this paper is to perform a comprehensive study 
regarding the effect of FGC and OEU on cycle performance. Different 
form our previous papers focusing on 1000 MW power capacity 
[26,31,32], we present the analysis for 100 MW coal fired power plant in 
this paper. This is because small capacity such as 100 MW is believed to 
have faster response to load variations, which is helpful to balance dy-
namic features between fossil energy and renewable energies [36]. The 
present paper contains three major parts. The first part deals with the 

Fig. 1. RC + RH with overlap energy utilization (OEU) (a: top cycle; b: bottom cycle; c: combined cycle after components sharing; d: overlap energy utilization; e: 
equal efficiency for top cycle and bottom cycle for OEU. This figure is cited from Ref. [37]. Copyright 2020, Elsevier.) 

Z. Wang et al.                                                                                                                                                                                                                                   



Energy Conversion and Management 249 (2021) 114866

4

Fig. 2. RC + RH with flue gas cooler (FGC) (a: RC + RH with FGC; b: cascade energy utilization; c: T-s curves).  

Fig. 3. Arrangement of boiler components for RC + RH with OEU (a) and FGC (b).  
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comparison of FGC and OEU using RC + RH (recompression sCO2 cycle 
plus reheating) corresponding to Figs. 1-7. The second part regards the 
comparison of FGC and OEU using TC + RH (tri-compressions sCO2 
cycle plus reheating), corresponding to Figs. 8-13. We conclude that 
OEU is better than FGC, no matter for RC or TC. In order to reach the 
target of both high thermal efficiency of TC and low outlet flue gas 
temperature (corresponding to high boiler efficiency), a new technique 
called the double-channel-tail-flue is proposed in the end of this paper 
(see Fig. 14). 

The originality of the present paper is stated as follows. First, our 
previous studies focus on the concept design and analysis of 1000 MW S- 
CO2 coal fired power plant [26,31,32].OEU and FGC were separately 
investigated regarding their effects on the thermal performance of the 
1000 MW power plant [27,28,32]. The present paper deals with 100 
MW S-CO2 coal fired power plant. When the power capacity is decreased 
by one magnitude, the boiler design is significantly changed. For 
example, for 1000 MW power plant, modular boiler design should be 
used to decrease ultra-large pressure drop induced by ultra-large flow 
rate [26]. However, it is not necessary to adopt the modular boiler 
design for small capacity such as 100 MW [37]. Hence, the present paper 
tries to answer the question that what are the effects of OEU and FGC on 
power plant performance with small capacity such as 100 MW. Second, 
our previous studies analyzed the effect of OEU and FGC on the S-CO2 
power plant when the basic cycle type is chosen as RC + RH [33,37] or 
RC + DRH [21,27,32]. TC is proposed in ref. [35] to improve the cycle 
efficiency for S-CO2 cycle. However, it is not clear how and why OEU 
and FGC influence the design and operation of S-CO2 coal fired power 
plant when TC cycle is adopted in the thermal system. The above two 
issues are solved and answered in the present paper. 

2. System description 

2.1. RC + RH for overlap energy utilization 

RC + RH for overlap energy utilization is a combined cycle con-
taining a top cycle (see Fig. 1a) and a bottom cycle (see Fig. 1b). Both of 
them use RC + RH. Overlap energy utilization (OEU) includes an overlap 
region setting in high temperature zone. Thus, major portion of flue gas 
energy in high temperature zone is extracted by the top cycle, small 
portion of flue gas energy in high temperature zone is absorbed by the 
bottom cycle. Flue gas energy in moderate temperature zone is absorbed 
by the bottom cycle. Flue gas energy in low temperature zone is 
extracted by air-preheater (AP), see Fig. 1d, where Tfg,i and Tfg,o are two 
interface temperatures, Tfg,ex is the outlet flue gas temperature. OEU 
ensures same pressure and temperature for some components of top and 
bottom cycle. For example, T5 and T4′ across T1 in top cycle equal to T5b 
and T4′b across T3 in bottom cycle. Hence, T3 in bottom cycle can be 

combined into T1 in top cycle, which is called the components sharing to 
simplify the system design. Other components sharing is seen in Fig. 1c. 
It is noted that not all the components can be shared by the two cycles. 
For example, Heater 4a, 4a’ and 4b independently exist in bottom cycle 
(see Fig. 1c). The overlap energy utilization (OEU) ensures no efficiency 
gap between top cycle and bottom cycle (see Fig. 1e) [37]. 

2.2. RC + RH with flue gas cooler 

Fig. 2a shows RC + RH with flue gas cooler (FGC). Different from 
OEU, only one cycle of RC + RH is used without using a bottom cycle. 
The FGC method reflects cascade energy utilization with flue gas tem-
peratures consecutively changing from high to low without setting an 
overlap region. The three regions of flue gas energies are extracted by 
the main RC + RH cycle, a FGC and an AP (see Fig. 2b). Fig. 2c shows the 
T-s diagram. 

2.3. The sCO2 boiler 

Considering the cycles shown in Figs. 1-2 are coupling with sCO2 
boiler, the boiler should be decoupled into various heat exchangers. 
Let’s deal with OEU first, heater 1 in Fig. 1 consists of two components of 
LCW (lower part of cooling wall) and SH1 (superheater 1). Heater 2 is 
decoupled into UCW (upper part of cooling wall) and RH1 (reheater 1), 
see Fig. 3a. Other components are also shown in Fig. 3a. For FGC utili-
zation, heaters 1 and 2 are decoupled into four components that are 
similar to the OEU utilization (see Fig. 3b). We shall note the major 
difference of components arranged in tail flue for OEU and FGC. For the 
former, heater 4b extracts high temperature flue gas energy, heater 4a 
exists in tail flue, together with an external air-preheater (EAP). For the 
latter, FGC is in tail flue. Both methods need AP to extract low tem-
perature flue gas energy. 

3. Numerical model 

The cycle is strongly coupled with thermal–hydraulic characteristic 
of boiler, consisting of three levels of iterations for flue gas temperature 
at furnace outlet (Tfl), pressure drops in boiler tubes, and thermal load 
conservation of the system (see Figs. A1–A3). Once initial parameters 
are given (see Table 1), pressure drops in various heaters of boiler are 
assumed. Then, the thermodynamic cycle subroutine is called. The first 
level of Tfl is performed to achieve boiler parameters such as volume 
heat flux qv and heat flux over furnace cross-section qa. The computation 
is continued by the second level of iteration of pressure drops. The 
calculation is stopped until the thermal load is conserved between cycle 
side and furnace side. 

Fig. 4. T-ΔH curves for heat exchangers (heater 4a or FGC) operating in moderate temperature flue gas region and AP operating in low temperature flue gas region.  
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3.1. Computation of sCO2 cycle 

The cycle computation needs to deal with cascade or overlap energy 
utilization, involving two junction temperatures of flue gas, Tfg,i and Tfg, 

o. Specified by the pinch temperature difference, Tfg,i and Tfg,o are 
related to the CO2 temperatures in tube side with Tfg,i⩾TCO2 +40 and 
Tfg,o⩾TCO2 +30 at corresponding points. Thermal loads in high, moder-
ate and low temperature regions are Qfg,H, Qfg,M and Qfg,L, respectively: 

Qfg,H = Bcal⋅
(
hflame − hfg,i

)
(1)  

Qfg,M = Bcal⋅
(
hfg,i − hfg,o

)
(2)  

Qfg,L = Bcal⋅
(
hfg,o − hexg

)
(3)  

where Bcal is the coal consumption rate, hflame is the flue gas enthalpy at 
the flame temperature, hfg,i, hfg,o and hexg are the flue gas enthalpies at 

Tfg,i, Tfg,o and Tfg,ex respectively. 
For RC + RH with OEU, thermal load of Qheater 4a in moderate 

temperature region is 

α⋅Qfg,M = Qheater 4a (4)  

Qheater4a = xheater4amCO2 ⋅(he − h4b) (5)  

where α is the boiler heat retention coefficient, xheater 4ais the ratio of 
flow rate in heater 4a to the total CO2 flow rate of mCO2 . 

The computation for OEU is 

wnet = (wT1 + wT2) − (wC1 + wC2) (6)  

qtotal = (1 − xHeater 4)(h5 − h4)+ xHeater 4(h5 − h4b)+ (h5′ − h4′ ) − xEAP(h6

− h6b)

(7) 

Fig. 5. Exergy destruction distributions for RC + RH with OEU (a) and FGC (b).  
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ηth =
wnet

qtotal
, mCO2 =

Wnet

wnet
(8)  

where wnet is net power per unit mass flow rate of CO2, qtotal is total heat 
absorption per unit mass flow rate of CO2, xEAP is the ratio of flow rate in 
EAP to the total flow rate, Wnet is power capacity (Wnet = 100 MW in the 
paper). 

For RC + RH with FGC, thermal load QFGC is 

α⋅Qfg,M = QFGC, QFGC = xFGC, mCO2 ⋅(h4 − h3) (9)  

where xFGC is the ratio of flow rate in FGC to the total flow rate of CO2. 
The computation for FGC is 

wnet = (wT1 + wT2) − (wC1 + wC2) (11)  

qtotal = (h5 − h4)+ xFGC(h4 − h3)+ (h5′ − h4′ ) (12)  

ηth =
wnet

qtotal
(13) 

Specific exergy per unit mass flow rate is calculated as e = h − T0s, 
where T0 is the environment temperature, s is the entropy per unit mass 
flow rate. Exergy losses per unit mass flow rate in various components 
are shown in Table 2. The input exergy of system ein equals to the 
chemical exergy of coal [37]: 

ein = QLHV

(

1.0064 + 0.1519
Har

Car
+ 0.0616

Oar

Car
+ 0.0429

Nar

Car

)

(14) 

where QLHV is the low heating value of design coal per unit mass. Car, 
Har, Oar and Nar are the ratios of C (carbon), H (hydrogen), O(oxygen) 
and N (nitrogen) on the received basis of designed coal, respectively (see 

Fig. 6. Factors influencing pressure drops for RC + RH with OEU and FGC (a: mass fluxes in tubes; b: frictional coefficients; c: length to diameter ratio of tubes; d: 
frictional pressure drops in boiler components). 

Fig. 7. Boiler efficiency, thermal efficiency and electric power efficiency for 
RC + RH with FGC and OEU. 
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Table 3 [26]). Flue gas exergy efg is calculated as follows: 

efg = hfg − T0sfghfg =
∑M

i = 1
ϕihi + hfhsfg =

∑M

i = 1
ϕisi + sfh (15)  

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

The exergy loss in boiler components equals to the input exergy of 
flue gas subtracting the output exergy of fluid (CO2 or air). As an 
example for FGC, IFGC is 

IFGC = Bcal
(
efg,i − efg,o

)
− xFGCmCO2 (e4 − e3) (16)  

where efg,i and efg,o are the flue gas exergy at FGC inlet and outlet, 
respectively. 

3.2. Computation of sCO2 boiler 

Boiler shall be coupled with cycle computation, including the 
determination of heat losses and pressure drops. The boiler efficiency 
ηboiler is calculated by the anti-balance method [38]: 

ηboiler = 1 − (Q2 + Q3 + Q4 + Q5 + Q6)/Qr (17)  

where Q2, Q3, Q4, Q5 and Q6 are the heat losses due to outlet flue gas 
discharged to environment, unburned gases, unburned carbon, heat 
dissipation to environment, ash per unit mass of coal, respectively, Qr is 
the input energy per unit mass of coal. 

Pressure drops in boiler tubes consists of components of friction 
(ΔPf), gravity (ΔPg) and acceleration (ΔPa) [37] 

Fig. 8. Tri-compressions plus reheating (TC + RH) adapting to OEU (a) and FGC (b).  
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⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ΔP = ΔPf + ΔPg + ΔPa

ΔPa = G2
(

1
ρo

−
1
ρi

)

ΔPg = ρgH (18)  

where ρo and ρi are the CO2 densities at the outlet and inlet of corre-
sponding component, respectively, G is the mass flux, g is the acceler-
ation of gravity, H is the height of the component. ΔPf is [37] 

ΔPf =
1
2

f
l
di

G2

ρb
(19)  

where l is the length of component, di is the inner diameter of tube, f is 
the friction coefficient [39]: 

f =
1

3.24lg2

[(
Δ/di
3.7

)1.11

+ 6.9
Ref

] (20)  

where Δ is the roughness of tube wall (Δ = 0.012 mm for stainless-steel 
tube), Ref is the Reynolds number. CO2 in boiler tubes significantly 
deviate from pseudo-critical point to behave gas-like characteristic. 
Thus, convective heat transfer coefficient in tubes is calculated by the D- 
B correlation [40]: 

hf =
λf

di
0.023Re0.8

f Pr0.4
f (21)  

where λf and Prf are the thermal conductivity and Prandtl number of 
CO2, respectively. 

4. Results and discussion 

4.1. The analysis for RC + RH with OEU and FGC 

When using RC + RH, the major difference between OEU and FGC 
lies in different pressure drops and exergy destructions in various 
components. With a constraint of 123 ◦C for outlet flue gas temperature 
(Tfg,ex), Fig. 4 shows T~ΔH curves, where ΔHis the enthalpy change 
along heat transfer route. Focusing on moderate and low temperature 
regions, OEU reaches a pinch temperature of 30 ◦C for heater 4a in 
moderate temperature region, with a 40 ◦C temperature difference be-
tween flue gas and CO2 in the opposite site of heater 4a (see Fig. 4a). 
However, FGC attains larger temperature difference between flue gas 
and CO2 in the range of (134–164) oC (see Fig. 4b). The temperature 
match between the two sides of fluids for AP is similar for both OEU and 
FGC applications. 

Our previous study shows that the enclosed area of T~ΔH curves 
between two sides of fluids represents the magnitude of exergy 
destruction [41]. Regarding Fig. 4, heater 4a for OEU has the exergy 
destruction of 0.72 MW, but FGC accounts for an exergy destruction of 
2.82 MW. The AP accounts for the exergy destruction of 2.94 MW for 
OEU and 3.05 MW for FGC. Then, we examine exergy destructions in the 
whole system in Fig. 5. The total exergy destructions are weakly changed 
between OEU and FGC applications, which are 114.44 MW for OEU and 
115.00 MW for FGC. The combustion process has great contribution to 
exergy destruction, which accounts for 46.10 % for OEU and 45.99% for 
FGC. The secondly large contribution comes from the heater compo-
nents of boiler, which is 28.46% for OEU and 30.26% for FGC. 

Attention is paid on pressure drops in various components of boiler. 
Pressure drops should be controlled to be as small as possible. This is 
because for given turbine inlet pressure, smaller pressure drops in 
various heat exchangers decrease the output pressure of compressor, 
which decreases the compression work for compressor. Among the three 
components of pressure drops, friction pressure drop dominates the 

Fig. 9. Comparison of RC and TC on the extraction of moderate temperature 
flue gas energy (a: T-s curves showing elevated temperature level during heat 
absorption process; b: h-T curves in HTR (high temperature recuperator heat 
exchanger) for RC + RH and TC + RH; c: relationship of CO2 flow rate ratio in 
heat exchangers operating in moderate temperature flue gas region and CO2 
flow rate ratio in high temperature side of HTR). 
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TC 
main 
cycle

FGC

2116 oC

660 oC

AP

578 oC

173 oC

185.7 MW

9.8 MW

44.0 MW

TC 
main 
cycle

heater 4a

2061oC

582 oC

AP

442 oC

126 oC

183.21 MW

15.3 MW

32.6 MW

(a) (b)TC+RH with FGC TC+RH with OEU

Fig. 10. Distributions of flue gas temperature and thermal loads (a: cascade energy utilization for TC + RH, b: overlap energy utilization for TC + RH).  

Fig. 11. Factors influencing pressure drops for TC + RH with OEU and FGC (a: mass fluxes in tubes; b: frictional coefficients; c: length to diameter ratio of tubes; d: 
frictional pressure drops in boiler components). 
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contribution to the total pressure drop. Thus, friction pressure drop is 
examined. Fig. 6 plots mass flux G, friction coefficient f, length to 
diameter ratio L/di and friction pressure drop ΔPf in components of LCW 
(lower part of cooling wall), SH1 (superheater 1), UCW (upper part of 
cooling wall), RH1 (reheater 1). Because OEU slightly decreases mass 
fluxes in LCW, SH1 and RH1 (see Fig. 6a), the final outcome yields the 
decreased pressure drops in these components (see Fig. 6d). 

We note that the electric power efficiency of the whole system ηe is 
the outcome of thermal efficiency ηth timing the boiler efficiency ηboiler. 
Because both OEU and FGC can keep the same outlet flue gas temper-
ature of 123 ◦C, boiler efficiency is the same. Compared with FGC, OEU 
slightly decreases pressure drops in boiler components, causing a slight 
thermal efficiency improvement. The final outcome yields an electric 
power efficiency improvement of 0.13% due to the utilization of OEU 
compared with FGC (see Fig. 7). 

4.2. The analysis for TC + RH with OEU and FGC 

TC uses three compressors and three recuperators instead of two for 
RC. Fig. 8a shows TC + RH with OEU after performing components 
sharing of top and bottom cycle. Both two cycles use TC + RH and OEU 
ensures same pressure and temperature for some components of two 
cycles. Tfg,i, Tfg,o and Tfg,ex are called the interface temperatures among 
the three regions of flue gas energies. Heaters 1, 2 and 4b are responsible 
for the extraction of high temperature flue gas energy. Heater 4a and AP 
account for the extraction of moderate and low temperature flue gas 
energies. Similar to RC + RH with OEU (see Fig. 1), an overlap region is 
set in high temperature zone for TC + RH with OEU and flue gas energies 
in this subzone are not only absorbed by top cycle, but also by bottom 
cycle, which ensures no efficiency gap between top cycle and bottom 
cycle. 

Alternatively, Fig. 8b shows TC + RH with FGC. A portion of CO2 
flow rate from C3 outlet in a sCO2 cycle flows through the FGC, heated 
the by moderate temperature flue gas, and then mixes with the main CO2 

stream at the inlet of heater1. Similar with RC + RH with FGC (see 
Fig. 2b), the three regions of flue gas energies are extracted by the main 
TC + RH cycle, a FGC and an AP respectively. 

In Fig. 9a, the heat absorption processes are marked as 3–4–5-4′-5′-6 
for RC, and 4–5-6-5′-6′-7 for TC, concluding higher thermal efficiency by 
using TC instead of RC, due to the elevated temperature level of the heat 
absorption process by TC. One notes that the electric power efficiency 
not only depends on thermal efficiency of a cycle, but also depends on 
the boiler efficiency. Because TC elevates the CO2 temperature level in 
cycle side to decrease the temperature difference between flue gas and 
CO2, a question may be asked that does TC have sufficient capability to 
extract flue gas energy over entire temperature range? To answer to this 
question, x is defined as the ratio of the CO2 flow rate in heat exchanger 
operating in moderate temperature flue gas region (that heat exchanger 
is FGC for FGC application, or heater 4a for OEU application), to the 
total CO2 flow rate. ThexHTR,his the ratio of CO2 flow rate in high tem-
perature side of HTR to the total CO2 flow rate. For RC + RH with FGC, 
we have 

xFGC,RC = 1 −
h6 − h7

h4 − h3
, qFGC,RC = xFGC,RC(h4 − h3) (22) 

Alternatively, for TC + RH with FGC, we have 

xFGC,TC = 1 −
h7 − h8

h5 − h4
, qFGC,TC = xFGC,TC(h5 − h4) (23)  

whereqFGC,RCand qFGC,TC are the thermal loads of FGC when using RC or 
TC respectively, referenced to unit mass flow rate of CO2. The compar-
ison of the second term of right side of Eqs.22 and 23 judges which cycle 
(RC or TC) keeps larger heat load for FGC. Hence, the CO2 enthalpies for 
both high temperature side and low temperature side are plotted in 
Fig. 9b. Compared with the enthalpy lines of 6–7 and 3–4 (red color) for 
RC, TC narrows the angle between the two lines of 7–8 and 5–4 (blue 
color). Hence, the second term of (h6 − h7)/(h4 − h3) for RC is smaller 
than (h7 − h8)/(h5 − h4) for TC, concluding the decreased heat absorp-
tion capability in moderate temperature flue gas region by using TC 
instead of RC, when FGC is integrated in the system. 

Fig. 9c shows the linearly decreased CO2 flow rate for the extraction 
of moderate temperature flue gas energy versus the CO2 flow rate in high 
temperature side of HTR. Specifying the pinch temperature limit of 10 K 
for HTR yields the maximum CO2 flow rate ratio, which is 10.2% for 
OEU and 6.44% for FGC. Compared with FGC, OEU increases the energy 
extraction capability in moderate temperature flue gas region. OEU not 
only has higher thermal efficiency of the system, but also overcomes the 
shortcoming of the deteriorated performance for the extraction of 
moderate temperature flue gas energy. 

Fig. 10 presents the outcomes for TC + RH when adapting to FGC and 
OEU. The TC + RH cycle extracts the high and moderate temperature 
flue gas energies, in which FGC or heater 4a can be considered as the 
subsystem of the TC + RH cycle. Because TC elevates the CO2 temper-
ature level to decrease temperature difference between CO2 of cycle side 
and flue gas of furnace side, the thermal load by FGC is not preferable. 
Meanwhile, AP cannot account for sufficient thermal load. Thus, the 
outlet flue gas temperature discharged to environment is 173 ◦C, which 
is not acceptable. Alternatively, OEU increases the CO2 flow rate in 
heater 4a (see Fig. 9c), enhancing the thermal load in moderate tem-
perature flue gas region. With the help of air-preheater (AP), the outlet 
flue gas temperature can be 126 ◦C, which is acceptable. 

Friction pressure drops of boiler for TC is analyzed in Fig. 11. 

Fig. 12. Boiler efficiency, thermal efficiency and electric power efficiency for 
RC + RH and TC + RH with FGC and OEU. 
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Comparing FGC and OEU, mass fluxes in various components are 
similar, except that G slightly decreases in LCW for OEU, resulting in 
slightly decreased pressure drops in LCW for OEU (see Fig. 6d). The 
efficiency of TC and RC systems are compared in Fig. 12. Color in black, 
red, blue and green columns represent RC + RH with FGC, RC + RH with 
OEU, TC + RH with FGC, TC + RH with OEU respectively. The mini 
difference of pressure drops between FGC and OEU for TC yields similar 
thermal efficiency ηth, which is 51.19% for OEU and 51.14% for FGC, 
which are obviously higher than RC system. However, the higher outlet 
flue gas temperature for TC + RH with FGC lowers the boiler efficiency 
to 90.64%, which is smaller than other three systems. This difference of 

boiler efficiency causes the electric power efficiency of 47.05% for TC +
RH with OEU and 45.89% for TC + RH with FGC. 

Finally, we examine the exergy destructions for TC, which is 112.21 
MW for OEU, and 117.57 MW for FGC (see Fig. 13). The mini difference 
of exergy destructions is caused by the fact that the combustion process 
dominates the exergy destructions in the system. However, the two 
methods to extract the moderate temperature flue gas energies change 
the exergy destructions contribution of boiler components, which is 
30.99% when using OEU, due to the decreased temperature difference 
between CO2 and flue gas, and 33.23% when using FGC. 

Fig. 13. Exergy destruction distributions for TC + RH with OEU (a) and FGC (b).  
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4.3. The method to increase the flue gas energy extraction when using TC 
cycle 

The above section demonstrates that TC increases the CO2 temper-
ature level during heat absorption due to the increased degree of recu-
peration heat within the system. Thus the system thermal efficiency is 
improved compared with RC. Even though TC introduces difficulty in 
absorbing moderate temperature flue gas energy, OEU still can decrease 
the outlet flue gas temperature to a reasonable level, but FGC cannot do 
that to worsen the boiler efficiency. 

To overcome this issue, a double-channel-tail-flue technique is 
introduced (see Fig. 14). The purpose is to enjoy both the benefits of 
higher thermal efficiency of the system and higher boiler efficiency. 
Initially, the moderate flue gas energy is recovered by heater 4a for OEU 
or FGC only, the new design ensures such energy recovery is not only 
performed by heater 4a or FGC, but also by AP2 (air-preheater 2). AP1 
still accounts for the low grade flue gas energy extraction. The total air 
flow rate after leaving AP1 is decoupled into two streams. The main 
stream directly returns to the furnace for combustion. The residual 
stream is continued to be heated by a portion of moderate flue gas en-
ergy and finally returns to furnace for combustion. In fact, the double- 

Fig. 14. The double-channel-tail-flue concept for TC + RH adapting to OEU (a) and FGC (b).  

Table 1 
Parameters for the cycle computations and boiler design.  

Parameters Values 

Cycle type Indirect 
boiler type Pulverized coal boiler 
Net power (Wnet) 100 MWe 
Inlet temperature of compressor C1 32 ◦C 
Inlet pressure of compressor C1 7.6 MPa 
Inlet temperature of turbine T1 620 ◦C 
Inlet pressure of turbine T1 28 MPa 
Turbines isentropic efficiency [37] 0.91 
Compressors isentropic efficiency [37] 0.89 
Pressure drop in regenerator [26] 0.1 MPa 
Pinch temperature difference in regenerator [26] 10 ◦C 
Primary air temperature entering air preheater 31 ◦C 
Primary air temperature leaving air preheater 320 ◦C 
Ratio of primary air flow rate to the total air flow rate 0.19 
Secondary air temperature entering air preheater 23 ◦C 
Ratio of secondary air flow rate to the total air flow rate 0.81 
Environment temperature 20 ◦C 
Excess air coefficient 1.2 
Pinch temperature difference between flue gas and CO2 30 ◦C  
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channel-tail-flue technique is an overlap energy utilization in moderate 
temperature flue gas region. Fig. 15 presents a comparison between the 
systems with and without using the double-channel-tail-flue technique. 
For TC + RH with OEU, double-channel-tail-flue not only increases 
thermal load in moderate temperature flue gas region from 15.4 MW to 
23.4 MW, but also decreases outlet flue gas temperature from 126 ◦C to 
120 ◦C. The thermal load in low temperature flue gas region is similar, 
concluding more convenient utilization of moderate/low temperature 
flue gas energies by using double-channel-tail-flue technique. Double- 
channel-tail-flue significantly improves the performance for TC + RH 
with FGC, evidenced by the fact that it not only increases thermal load in 
moderate temperature flue gas region from 9.8 MW to 26.4 MW, but also 

decreases outlet flue gas temperature from 173 ◦C to 120 ◦C. With the 
help of double-channel-tail-flue concept, FGC can satisfy the require-
ment for lower outlet flue gas temperature, corresponding to higher 
boiler efficiency, when adapting to TC + RH, but it cannot do that 
without double-channel-tail-flue technique. 

5. Conclusions 

Small capacity coal fired power plant using sCO2 cycle is expected to 
have fast response to load variations, inspiring us to perform the present 
study. Driven by the improvement of system efficiency, this paper pre-
sents a comparison of RC, which is widely applied in the literature, and 
TC, which is proposed by the present authors recently. It is shown that, 
indeed, due to the elevated temperature level of the heat absorption 
process, TC is preferable than RC. 

The second issue is the recovery of moderate/low temperature flue 
gas energies. The two methods of OEU and FGC are paid great attention. 
OEU refers to setting an overlap flue gas region, in which the flue gas 
energy is not only absorbed by the top cycle, but also by the bottom 
cycle. The components sharing simplified the system design. We show 
that when using RC + RH, both OEU and FGC have the capability to 
extract moderate temperature flue gas energy. OEU has a 0.13% 

Table 2 
Equations and exergy destructions the RC + RH with OEU and FGC (the left column is cited from Ref. [37]).  

Components RC + RH with OEU RC + RH with FGC 

ηc,s =
h2s − h1

h2 − h1
, wC1 = (1 − xC2)(h2 − h1); iC1 = wC1 − (1 − xC2)(e2 − e1) 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) 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  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  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) 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)

T7 = T3 + ΔTHTR, (h6 − h7) = (1 − xFGC)(h4 − h3); iHTR =

(e6 − e7) − (1 − xFGC)(e4 − e3)

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

iCooler = (1 − xC2)(e8 − e1) iCooler = (1 − xC2)(e8 − e1)

Table 3 
Properties of the designed coal [26].  

Car Har Oar Nar Sar Aar Mar Vdaf QLHV  

61.70  3.67  8.56  1.12  0.60  8.80  15.55  34.73 23,442 

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

Z. Wang et al.                                                                                                                                                                                                                                   



Energy Conversion and Management 249 (2021) 114866

15

efficiency improvement compared with FGC, due to slightly decreased 
pressure drops in boiler components. Generally, both OEU and FGC can 
be adapted to RC + RH, and the system performance has weak difference 
between them. 

The situation is changed when using TC instead of RC. Even though 
TC + RH introduces difficulty in absorbing moderate temperature flue 
gas energy, OEU, together with AP, can decrease the outlet flue gas 
temperature to 126 ◦C, which is acceptable practically. FGC has not 
sufficient capability to extract moderate temperature flue gas energy. 
The outlet flue gas temperature is 173 ◦C, inspiring us to propose the 
double-channel-tail-flue concept. An air-preheater (AP) is decoupled 
into two parts of AP1 and AP2. The former extracts low temperature flue 
gas energy. After leaving AP1, the air stream is segmented into two 
streams: one stream directly returns to furnace, but the other stream is 
warmed by a portion of moderate temperature flue gas energy. Hence, 
the system increases the capability to extract moderate/low temperature 
flue gas energy to decrease outlet flue gas temperature and raise boiler 
efficiency. 
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Fig. 15. T-ΔH curves for heat exchangers (heater 4a or FGC) operating in moderate temperature flue gas region and AP operating in low temperature flue gas region 
for TC + RH (a and c) and TC + RC with double-channel-tail-flue (b and d). 
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Appendix  

Fig. A1. Numerical calculations for recompression cycle coupling with boiler.  
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Fig. A2. Computation scheme of thermodynamic cycle based on overlap energy utilization (OEU).  
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