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Owing to the current serious environmental and climate problems, the energy industry must
focus on the problem of energy utilization rates. High-temperature gas-cooled reactors
(HTGRs) are fourth-generation reactors, characterized by high outlet temperatures. The
combined cycle is composed of the gas turbine and steam turbine cycles, and it can
realize the cascade utiization of high-quality energy. It is a highly competitive power
conversion scheme for HTGRs. In this study, the matching characteristics of the combined
cycle coupled with HTGRs are revealed through the progressive optimization method. In the
combined cycle coupled with HTGRs, the topping and bottoming cycle are both closed cycles,
therefore, the optimization for cycle efficiency is to match the topping and bottoming cycles. For
a combined cycle with subcritical steam parameters, there are two extreme values of the
combined cycle efficiency that have different power ratios. The characteristics revealed in this
study are unique to closed combined cycle coupled with HTGRs.

Keywords: high temperature gas-cooled reactor, power conversion unit, combined cycle, matching characteristics,
progressive optimization

INTRODUCTION

High-temperature gas-cooled reactors (HTGRs) have experienced a long and tortuous development
since the middle of the previous century. The final technical route focuses on small modular HTGRs
with inherent safety (Kugeler et al., 2019). HTGRs use helium as the cooling medium, and its reactor
outlet temperature (ROT) can reach 700-950 C (shown in Table 1). Compared with HTGRs, the
outlet temperature of very-high-temperature gas-cooled reactors (VHTRs) is higher and can exceed
1,000 C. In addition, it can realize a wide range of applications, including the combined cycle and
nuclear hydrogen production (Sun et al., 2020; International Atomic Energy Agency, 2012).
There are two types of power generation systems for HTGRs: the steam turbine cycle power generation
system and helium turbine cycle power generation system. The HTGR projects that use the steam cycle for
the power generation system are listed in Table 1 (Simnad, 1991; Frutschi, 2005; McDonald, 2012;
Olumayegun et al., 2016). These mainly include the Dragon in the United Kingdom and the AVR in
Germany, which started operation as early as the 1960s; the HTTR in Japan and the HTR-10 in China,
which are currently in operation; and the demonstration reactor HTR-PM in China, which is currently
under construction. The HTGR design projects that use a helium turbine as the power generation system
mainly include the GTHTR300 in Japan, the HTGR-GT (Bardia, 1980; McDonald et al., 1981) in the
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TABLE 1 | Representative HTGRs in different development stages, and their main technical parameters.

Plants Country Power (MW)
In early operation
Dragon United Kingdom 20
AVR Germany 46
Peach Bottom United States 115
Fort St. Vrain United States 840
THTR Germany 750
In operation
HTTR Japan 30
HTR-10 China 10
In construction
HTR-PM China 2 x 250
Early design projects
HTR-Module Germany 200
HTR 100 Germany 250
HTR 500 Germany 1,250
HHT Germany 1,500
PNP 500 Germany 500
PBMR South Africa 200/450
HTGR-GT United States 400 x 3/600 x 2
MHTGR United States 350/450
ANTARES France 600
INCOGEN Netherlands 40
ACACIA Netherlands 60
Current design projects
GT-MHR United States/Russia 600
GTHTR300 Japan 600
HTR-10GT China 10
NGTCC United States 350

United States, the GT-MHR in the United States and Russia
cooperation, the HTR-10GT in China, and the PBMR in South
Africa.

The theoretical basis of the steam turbine cycle power generation
system is the Rankine cycle. Its cycle efficiency increases with an
increase in the pressure and temperature of the main steam.
Theoretically, the maximum temperature of the main steam can
reach 500 C or even 600°C; however, the temperature difference
between the main steam and helium from the reactor outlet is large
for HTGRs, and the loss of work capacity is large.

Because the pressure vessel of the steam generator in HTGRs is not
suitable for penetration by the reheating steam pipeline, the pressure
of the main steam cannot be too high, and it is suitable for subcritical
pressure (Zhang et al, 2006; Zhang et al, 2009). Therefore, the
technical scheme for the steam turbine cyce power
generation cannot provide the full high-temperature advantage of
HTGRs.

The efficiency of the helium turbine power generation mainly
depends on the gas temperature at the turbine inlet; it increases with
an increase in the gas temperature. For the blade without cooling, the
inlet temperature of the helium turbine can reach 850°C; for the
blade with cooling, the temperature can exceed 1,000 C (Baxi et al,
2008; McDonald, 2014). Therefore, the technical solution for helium
turbine power generation is to make full use of the high-grade heat
source of HTGRs, thereby providing the high-temperature
advantages of HTGRs. This is suitable for the future power
generation program of VHTRs.

ROT ('C) Heat application
750 Steam turbine cycle power generation
950 Steam turbine cycle power generation
728 Steam turbine cycle power generation
785 Steam turbine cycle power generation
750 Steam turbine cycle power generation
850/950 Test
700 Steam turbine cycle power generation
750 Grid connected power generation
700 Steam turbine cycle cogeneration
750 Steam turbine cycle cogeneration
750 Steam turbine cycle power generation
850 Helium turbine power generation
950 Steam turbine cycle cogeneration
700/900 Steam turbine cycle cogeneration/helium turbine power generation
850 Helium turbine power generation
687/850 Steam turbine cycle cogeneration/helium turbine power generation
850 Combined cycle power generation/hydrogen production
800 Steam turbine cycle cogeneration
900 Steam turbine cycle cogeneration
850 Helium turbine power generation/hydrogen production
850 Helium turbine power generation/hydrogen production
750 Helium turbine power generation
950 Helium/steam turbine combined cycle

There are two types of helium turbine power generation: the direct
turbine cycle and combined cycle. The direct helium turbine cycle
usually adopts the Brayton cycle with precooling, intercooling, and
recuperating (Baxi et al,, 2008; Wang et al., 2004; Wang et al., 2018).
For the direct helium turbine cycle, when the ROT is high, the reactor
inlet temperature is also high owing to recuperation. This is limited by
the material of the reactor pressure vessel (RPV), and the inner wall of
the RPV should be cooled, which increases the system complexity
(Kim et al., 2006; Natesan et al., 2007; Demick, 2012). The combined
cycle, in which the topping cycle is the simple Brayton cycle, can
make maximal use of the high-grade heat from HTGRs; the RPV in
this case is not limited by the materials. Research on the combined
cycle coupled with HTGRs (CC-HTGRs) is represented by the
ANTARES (Gauthier et al., 2006; Gomez et al., 2010) in France
and the NGTCC (McDonald, 2014 and 2010) in the United States.

The CC-HTGRs have the same principle as the gas-steam
combined cycle (Duan, 2010). This is a cycle form that is based on
the principle of energy cascade utilization (Jin, 2008); however,
the two are significantly different. The main differences are as
follows:

(1) The topping cycle of CC-HTGRs is a closed cycle, and its
minimum cycle temperature is affected by the bottoming cycle.

(2) The heat recovery steam generator (HRSG) in CC-HTGRs is
a once-through steam generator, including the preheating
section, evaporation section, and superheating section, but
excluding the steam drum.
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(3) Because the heat source of CC-HTGRs is the reactor, some cycle
parameters (such as reactor inlet temperature and compression
ratio) need to meet certain constraints (Qu et al., 2020).

Presently, there are a limited number of studies that focus on
CC-HTGRs, which are far from adequate. McDonald (2010) and
McDonald (2014) proposed a combined cycle scheme coupled
with an HTGR with a ROT of 950 C to generate power and
provide district heating. The thermal power of the reactor is
350 MW, the power distribution is 50 MW in the topping cycle
and 130 MW in the bottoming cycle, and the plant efficiency can
reach 51.5%. Gomez et al. (2009) and Gomez et al. (2010)
conducted optimization studies on the CC-HTGRs, which
mainly focused on the optimization method, and research on
the system characteristics that were lacking. Jaszczur et al. (2018)
and Jaszczur et al. (2020) carried out thermodynamic analyses
and compared the characteristics of CC-HTGRs coupled with
single-pressure, ~double-pressure, three-pressure, interstage
superheating, and reheating HRSGs. The authors and their
research team of this study conducted studies on CC-HTGRs,
including comparisons of the different cycle schemes (Wang
et al., 2015; Wang et al, 2016), cycle characteristic analyses
(Chen, 2001), cycle optimization (Yang et al., 2020), and off-
design performance analysis (Qu et al., 2019).

Before this study, the authors used a genetic algorithm to optimize
the combined cycle efficiency of a CC-HTGR model and found that
the optimal value alternated between two groups of parameters,
which did not conform to the expected trend, the authors used a
genetic algorithm to optimize the combined cycle efficiency of a CC-
HTGR model and found that the optimal value alternated between
two groups of parameters, which did not conform to the expected
trend. To further explore the internal reasons, the authors chose the
most basic CC-HTGR model to perform this research and reveal the
reasons of the above discrepancy.

Combined Cycle Couple With HTGRs

CALCULATION MODEL AND METHOD

According to the authors’ previous analysis, the CC-HTGR
comprising a simple Brayton cycle and a reheating and
multistage regenerative Rankine cycle is more competitive
(Chen, 2001; Jin et al., 2008). Because this article is a
theoretical study on the characteristics of the CC-HTGRs and
the purpose is to reveal the internal relationship between the cycle
parameters, the bottoming cycle is simplified and the combined
cycle shown in Figure 1 is used as the analysis model, and no
control components are added. This study is based on the cycle
model shown in Figure 1. Figure 2 is the corresponding
temperature-entropy diagram. The combined cycle consists of
the topping cycle, bottoming cycle, and HRSG. The topping cycle
in Figure 1 is a simple Brayton cycle. After the helium is heated in
the reactor (2-3), it directly enters the helium turbine for
expansion (3-4). The temperature of the expanded helium is
still high. It enters the HRSG to transfer the heat to the feed water
(4-1) of the bottoming cycle. After the heat is released, the helium
enters the compressor so it can be compressed (1-2), and then it
returns to the reactor to complete the cycle.

The bottoming cycle in Figure 1 is a subcritical Rankine cycle
without reheat, which contains one stage of regeneration (the
deaerator). The feed water absorbs the heat (11-12) in the
HRSG to reach an overheated state, and then it enters the
steam turbine to expand (12-14). The exhaust steam from
the steam turbine is condensed into saturated water in the
condenser. Then, it successively flows through the
condensation pump, deaerator, and feed water pump. After
these processes, the feed water returns to the HRSG. The heat
source of the deaerator is extracted from the steam turbine.

The thermodynamic model of the CC-HTGR is presented in
Table 2, which includes the momentum, energy, and isentropic
equations of the 11 subprocesses.
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Steam Turbine
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FIGURE 1 | Flow sheet of the CC-HTGR.
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FIGURE 2 | Temperature-entropy diagram of the CC-HTGR.

Assumptions and calculation conditions used in this study:

1) For steady-state analysis, the resistance recovery coefficient, &,
and isentropic efficiency, ne wr» of the components in the cycle
were not used as the analysis variables, and their values are as
follows: , = 0.88, %, = 0.89, ¢ = 0.88, 1, = 0.85, 77, = 0.85.

2) The condensation temperature, T;s, depends on the
environmental conditions and was not used as the analysis
variable, and its value is 33 C (P;5 = 5 kPa).

3) According to a previous analysis (Yang et al., 2020), the ROT,
Ts, is a monotonically increasing function of the combined

Combined Cycle Couple With HTGRs

cycle efficiency; therefore, T5 was not used as the analysis
variable. Only the ROT of 950 C was considered.

Similarly, the main steam pressure, P, is also a
monotonically increasing function of the combined cycle
efficiency, and P;, was not used as the main analysis
variable. The subcritical steam pressures of 16, 18, and
20 MPa were analyzed and compared.

4

~

Under the above conditions, the combined cycle efficiency can
be expressed as follows:

flee = ee (1> AT, Tha, Pra, Prs) (1)

The calculation and analysis methods are shown in Figure
3. The calculation includes four levels: the first level searched
for the best extraction pressure, P;3; the second level searched
for the best main steam temperature, T,; the third level
observed the influence of the temperature difference at the
cold end of HRSG, AT, on cycle efficiency; and the forth level
observed the influence of the compression ratio, y, on cycle
efficiency.

RESULT ANALYSIS

First Level Optimization

According to the analysis method shown in Figure 3, the
extraction pressure, P;3, and main steam temperature, T,, are
optimized. The combined cycle efficiency shown in Eq. 1 can be
expressed as follows:

TABLE 2 | Thermodynamic model of the combined cycle.

No. Sub processes Momentum equation Energy equation Isentropic equation
1 -2 ey B =1 e
2 2-3 % =3 Cp (T3 = T2) = Qeore
3 3-4 Bz = B= @7
4 4-1 o=t L= flirsa
5 11-12 %2251142
° 1214 e = s S
7 14-15 %251445 Tia=Tis

- e -
8 15-16 h“f—h}‘: = flcon S16s = S15
9 16-17 BL=Eg 17 Qip-17 = Qua-17
10 13-17 %=f1g,17 h%7:hsatw'(P13)
11 17-11 hiwhiz _ S1s = S

h‘;“ 7,7;177 =1 11s 17
Efficiency of the topping cycle Mgt = % gt = gt (T1 T35 Y5 Etops Miop_tur)
gtop = [52—3’51—4] Mtop_tur = [Wc)”lr]

Efficiency of the bottoming cycle st = W At = Mgt (T12, P12, P13> T155 Epots Mpor_tur)

Efficiency of the combined cycle

Constrains

Ebot = (811212, 81415, §16-17> §13-17]
fpot_tur = e oo MF]

Nce = Mgt + Mst — NgtMlst

fice = ioe (T1s 1 ATe, Thz, P12, P13, Tass Ecos o)
ECC = [Etopv fboi] fee_ur = [Wtop,rur’“bot_tur]

AT¢ 230°C, ATy 2 30°C, ATy, > 15°C
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FIGURE 3 | Calculation and analysis methods.
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FIGURE 5 | Corresponding optimized value of steam turbine extraction
pressure.
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FIGURE 4 | Relationship curves of combined cycle efficiency with cold
end temperature difference and compression ratio.

rlCCv"Pt =Tcc ())’ATCx > Plz)
Ty, = le,opt )
P13 = Pusop

The effects of the other two parameters (AT¢ and y) on the
combined cycle efficiency are presented in Figure 3. Figure 5

700 LD
|
650 / \\
600
g 550
B
=500 4
450
T,=950°C, P,,=18MPa
400 - =
T12_T12,0pt > P13_Pl3.opt

T T T T
30 40 50 60 70 80 90 100 110
AT, I°C

FIGURE 6 | Corresponding optimal value of main steam temperature.

shows the optimized value of steam turbine extraction pressure,
Pi3ope corresponding to Figure 4. Figure 6 indicates the
optimized value of the main steam temperature, Tisqpe
corresponding to Figure 4.

When the compression ratio changes from 1.9 to 2.9, the
combined cycle efficiency shows one extreme point, then two
extreme points, and finally one extreme point (as shown in
Figure 4). During the change of the compression ratio, the
optimal value of the main steam temperature, Ty, pe gradually
decreases; it also varies with the temperature difference at the cold
end, AT (as shown in Figure 6). When AT is large, Ty op¢ is at
the maximum point of the main steam temperature (that is, the
minimum point of the temperature difference at the hot end
ATy); when AT is small, Ty, decreases (ATy increases
accordingly). Typope also affects the optimized value of the

Frontiers in Energy Research | www.frontiersin.org

January 2022 | Volume 9 | Article 817373


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Qu et al.

5§22
52.1
52.0
51.9 1
ES
g S1.8
51.7
161 1-950C
51.5 P ,=18MPa
51.4 T12:T12;0pl’ P13:P13\0p1
T ' T K T % T * T ¥ T J T & T ¥ T i T
30 40 50 60 70 80 90 100 110 120
AT, /°C
FIGURE 7 | Relationship between combined cycle efficiency and cold
end temperature difference in the local compression ratio range.

steam turbine extraction pressure, P1, o, (as shown in Figure 5).
When the compression ratio increases from 1.9 to 2.0, P15 opt
decreases gradually. When AT increases, P, op increases first,
then decreases, and finally reaches an optimal value.

Furthermore, the interval between two extreme points (y =
2.5-2.7), shown in Figure 4, was calculated. The results are
shown in Figure 7 and Table 3. When the compression ratio is
2.5, the extreme value of cycle efficiency on the right side of
Figure 7 is greater than that on the left side. When the
compression ratio is 2.7, the extreme value of the left side
is greater than that of the right side. When the compression
ratio is 2.62 (as shown in bold in Table 3), the extreme values
of the two cycle efficiencies are equal, the corresponding ATc
values are 30°C and 95°C, and the optimized main steam
temperatures are 430°C and 582°C, respectively.

Figure 8 further reveals the difference between the
temperature-entropy diagrams of the combined cycle
under two extreme conditions. The essence of efficiency

Combined Cycle Couple With HTGRs

optimization for CC-HTGRs is to match the topping cycle
with the bottoming cycle. In Figure 8, the area of the topping
cycle at the first extreme point is larger than that at the
second extreme point; by contrast, the area of the bottoming
cycle at the first extreme point is smaller than that at the
second extreme point. A variable called the power ratio (PR)
is defined to reflect the matching characteristics of the
topping cycle and the bottoming cycle in the combined
cycle. The PR is defined as the ratio of the output power
of the topping cycle to the total output power of the
combined cycle, as shown in Eq. 2. The PR at the first
extreme point is 0.388, and at the second extreme point is
0.330.

Wy 3)

Power ratio = —————
W+ Wy

Second Level Optimization

Based on Eq. 3, the expression of the combined cycle efficiency
shown in Eq. 4 can be obtained by further optimizing ATc. The
extreme values of cycle efficiency, corresponding main steam
temperatures, and PRs at different compression ratios were
extracted, and the results are shown in Figures 9-11, and
Figure 9. shows that as the compression ratio increases, the
main steam temperature corresponding to the extreme point of
cycle efficiency decreases. It is clear that there are two extreme
values (EVs) in a given compression ratio range (the first EV in
the figures is the maximum value of cycle efficiency). As the
compression ratio increases, the PR increases; that is, the
proportion of the output power from the topping cycle
increases.

Hecopr = Yee (1> P12)

Ty, = TlZopt
’ 4
Py = Pl3,opt ( )
ATC = ATC,opt

The main steam pressures of 16, 18, and 20 MPa are shown in
Figure 11 to compare and verify the conclusions. The calculation

TABLE 3 | Results of the compression ratio in the range of 2.5-2.7.

Calculation conditions: ROT, 950°C; P45, 18 MPa; AT¢ = AT¢ opt; T12 = T12,0pt; P13 = P13,0pt; 1 EV is at the maximum value of combined cycle efficiency; 2 EV is at

the second extreme value of combined cycle efficiency

y ATc/'C T12/°C P43/MPa T41/°C nec/% gt/ Nst/ %o PR

1EV 2EV 1EV 2EV 1EV 2EV 1EV 2EV 1EV 2EV 1EV 2EV 1EV 2EV
2.50 86 30 596 452 0.127 0.121 108.5 107.0 52.11 51.85 16.90/42.37 19.26/40.37 0.324 0.371
2.52 88 30 594 448 0.119 0.115 106.5 105.6 52.09 51.87 16.97/42.30 19.42/40.28 0.326 0.374
2.54 90 30 592 444 0.111 0.109 104.5 104.0 52.08 51.90 17.04/42.24 19.59/40.18 0.327 0.377
2.56 90 30 589 440 0.119 0.101 106.5 101.9 52.06 51.92 17.00/42.24 19.77/40.08 0.327 0.381
2.58 92 30 587 437 0.111 0.103 104.5 102.5 52.04 51.95 17.06/42.17 19.85/40.04 0.328 0.382
2.60 94 30 585 433 0.103 0.093 102.3 99.6 52.02 51.97 17.13/42.10 20.06/39.91 0.329 0.386
2.62 30 95 430 582 0.093 0.102 99.6 102.1 51.99 51.99 20.17/39.87 17.15/42.05 0.388 0.330
2.64 30 97 426 580 0.081 0.094 95.8 99.9 52.02 51.96 20.41/39.71 17.21/41.98 0.392 0.331
2.66 30 98 423 578 0.079 0.095 95.1 100.2 52.04 51.93 20.54/39.64 17.19/41.96 0.395 0.331
2.68 30 100 420 576 0.076 0.088 93.9 98.1 52.07 51.90 20.69/39.56 17.24/41.88 0.397 0.332
2.70 30 102 418 573 0.083 0.080 96.5 95.4 52.09 51.87 20.69/39.59 17.32/41.78 0.397 0.334
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FIGURE 9 | Main steam temperatures corresponding to the extreme
values of combined cycle efficiency.

results of the three main steam pressures shown in the figure
are consistent. For each main steam pressure, curve y-fcc,opt
consists of two different curves. The two curves intersect at a
compression ratio, yg. Near the intersection point, yg, a
compression ratio corresponds to two #ccop Which is the
result of the first step optimization. The results of the second
step optimization can be obtained by extracting the upper half
part of the two y-#cc opt curves. The left half of the new curve is
approximately parabolic, and the right half is approximately
linear. Therefore, there are still two extreme points of cycle
efficiency. The compression ratio corresponding to the two
extreme values are 2.3 and 3.0, and the PRs are 0.31 and 0.43,
respectively. In the engineering design, the compression ratio
is limited by the engineering conditions, generally less than
3.0; therefore, there are two optimization points for the cycle
efficiency of CC-HTGR.

FIGURE 10 | Power ratios corresponding to the extreme values of
combined cycle efficiency.
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FIGURE 11 | Extreme efficiency values of the combined cycle under
different main steam pressures.

CONCLUSION

Facing the current climate problem, nuclear energy can play a big
role. High-temperature gas-cooled reactor is a new generation of
inherent safety reactor with great potential, which is characterized
by high temperature. The world’s first HTGR demonstration
plant (HTR-PM) has reached the critical point and connected to
the grid for power generation in China. The next development
will further improve the reactor outlet temperature. When the
reactor outlet temperature is high, the steam cycle cannot fully
show the advantages of the high-temperature reactor, and the
combined cycle is a highly competitive power conversion scheme
for HTGRs. Because the topping cycle and bottoming cycle are
closed cycles, the combined cycle coupled with HTGRs has some
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characteristics different from the conventional combined cycle. In
this study, the matching characteristics of the topping and
bottoming cycles of the combined cycle coupled with HTGRs
under subcritical steam parameters were studied. The derived
thermodynamic model showed that the combined cycle efficiency
has four main optimization variables: compression ratio,
temperature difference at the cold end, main steam
temperature, and steam turbine extraction pressure. Based on
a progressive optimization method, the steam turbine extraction
pressure and main steam temperature were first analyzed and
optimized. After the temperature difference at the cold end was
analyzed in the second level optimization, the compression
ratio—cycle efficiency curve was obtained. The compression
ratio-cycle efficiency curve consists of two curves with
different shapes, which makes the combined cycle efficiency
have two extreme values in the domain of definition. In CC-
HTGRs, the topping and bottoming cycles are both closed cycles;
therefore, the optimization for the combined cycle efficiency is to
match the topping and bottoming cycles. The optimization of the
combined cycle efficiency is to maximize the area of the topping
and bottoming cycles in the temperature-entropy diagram, which
is to optimize the cycle PR. Under the reactor outlet temperature
of 950°C and main steam pressure of 18 MPa, the compression
ratios of the two extreme values are 2.3 and 3.0, and the PRs are
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NOMENCLATURE

k isentropic exponent

h specific enthalpy (kJ kg™")

P pressure (MPa)

q specific heat (MW kg™")

Q heat (MW)

$ specific entropy (kg kg™' K™)

T temperature (k)helium turbine

W specific work (MW/kg)

W work (MW)

AT temperature difference at cold end of HRSG
ATy temperature difference at hot end of HRSG

ATgw temperature difference at pinch point of HRSG

Acronym

CC-HTGR combined cycle coupled with HTGR
EV extreme value

HRSG heat recovery steam generator

HTGR high-temperature gas-cooled reactor

PR power ratio

ROT reactor outlet temperature

Combined Cycle Couple With HTGRs

VHTR very-high-temperature gas-cooled reactor

Greek

B cooling flow for helium turbine
Y compression ratio

1 efficiency

& pressure recovery coefficient

7T expansion ratio

Subscripts
CC combined cycle
C helium compressor

CON condenser

EV extreme value
F feedwater pump

gt gas turbine cycle

opt optimal value

st steam turbine cycle

satw saturated water

T temperature (k)helium turbine

tur turbomachinery
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