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Abstract: The EU has implemented targets to achieve a 20% share of energy from renewable sources
by 2020, and 32% by 2030. Additionally, in the EU countries by 2050, more than 80% of electrical
energy should be generated using non-greenhouse gases emission technology. At the same time,
energy cost remains a crucial economic issue. From a practical point of view, the most effective
technology for energy conversion is based on a gas turbine combined cycle. This technology uses
natural gas, crude oil or coal gasification product but in any case, generates a significant amount of
toxic gases to the atmosphere. In this study, the environmentally friendly power generation system
composed of a high-temperature nuclear reactor HTR integrated with gas turbine combined cycle
technology and cogeneration unit is thermodynamically analysed. The proposed solution is one of the
most efficient ways for energy conversion, and what is also important it can be easily integrated with
HTR. The results of analysis show that it is possible to obtain for analysed cycles thermal efficiency
higher than 50% which is not only much more than could be proposed by typical lignite or hard coal
power plant but is also more than can be offered by nuclear technology.

Keywords: gas turbine combined cycle; high-temperature nuclear reactor; cogeneration

1. Introduction

Hard coal and lignite coal, after oil, are the second most important energy source, accounting
for about 30% of the world’s total primary energy consumption. This type of fuel is the second most
common energy source used for the generation of electrical energy [1]. However, coal-based power
plants have some unfavourable characteristics and limitations on performance. The traditional power
plant of this type may have a relatively low fuel conversion efficiency. In the existing power plants,
about 75% of power generation units are operating in a subcritical regime. It means that, independent
of exhaust-gas cleaning systems, at least 1000 kg CO,/MWHh is emitted to the atmosphere [2]. The use
of advanced technology for electricity production not only allows CO, reductions but also allows for
fuel-consumption reduction, as well as much lower toxic gas emission [3]. In theory, CO, capture
and storage system can decrease carbon dioxide emissions further below 60-70 kgCO,/MWh, but
such systems are still in an underdeveloped phase, and implementation of them may increase the cost
of energy above customer acceptance level. Nowadays, it is possible to implement coal gasification,
which permits most of the impurities to be removed before the fuel enters the combustion chamber as
well as it also increases the performance of combustion processes [4,5]. However, the gas-cleaning
process implementation, similarly to the gasification process, significantly increases the investment
cost. That raises the price of the energy and often makes the system much less competitive in reference
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to the other technology. In any case, the coal-powered plant generates a significant amount of CO;,
and, in the case of most developed systems, the amount generated is about 740 kg CO,/MWh for
supercritical plants and potentially 600 kg CO,/MWh for the most developed coal technologies.

For those reasons, in the European Union, a long-term decarbonisation strategy plan has been
implemented. One of the carbon-free and high-efficiency solutions with high potential is the combined
heat and power generation, which includes nuclear energy [6]. Cogeneration usually positively
influences plant efficiency and causes a significant decrease in primary energy consumption [7,8].
Currently, working nuclear power plants have thermal efficiency around 33% [9,10], which is similar
to the efficiency that a coal-based power plant achieved half a century ago. Based on the experience
and knowledge from the first generation (Gen I) of the power plants, the second generation (Gen II) for
nuclear technology has been proposed [11]. The examples of next-generation technology in reference
to the current one are listed in Table 1.

Table 1. Different types of nuclear technology-general parameters.

BWR PWR RMBK CANDU HTR SFR
Power (MW) 600 600/1650 1200/1500 600/880 300/600 1000/3000
Fuel (% 2°U) 26 32 2(2.2) 0.72 10 20 (Pu/U)
Core dimensions (m) 3.7x37 3.0x3.7 11.8x7 7.1x59 9.8 X6 12 x 16.5
Reactor outlet 558 588 557 583 1023 §23/833
temperature (K)

Reactor pressure (MPa) 7.6 15.0 4.7 8.6 4.8 0.1
Steam temperature (K) 548 543-563 553 533 843 728
Steam pressure (MPa) 6.2 4-6 6.5 47 17 15.2
Thermal efficiency (%) 32-34 32-35 31 30 >40 40

BWR (Boiling Water Reactor), PWR (Pressurised Water Reactor), RMBK (High-power Channel Reactor), CANDU
(Canadian Deuterium Uranium), HTR (High Temperature Reactor), SFR (Sodium-cooled Fast Reactor).

In order to enhance nuclear power plant efficiency, various solutions have been proposed [12-15].
It is, for example, possible to use excess heat for district heating, and this idea was analysed for
the first time in the 1970s. From that time, a large number of studies were done, analysing systems
which produce heat and power, using the pressurized water reactor Canadian CANDU reactor, light
water-cooled graphite moderated reactor, or water—water energetic reactors [16].

Recently, the International Atomic Energy Agency (IAEA) has taken this solution into consideration.
IAEA launched a project to assess the economics and role of cogeneration [2] for a no-emission,
low-carbon, and environmentally friendly power plant. Currently, there is a very limited number of
available technologies which can be used for nuclear power plant development. Interesting research
studies on the potential of nuclear power plant working in cogeneration have been proposed by
Hanuszkiewicz-Drapala and Jedrzejewski [17,18]. The promising option can be a connection of two
small modular reactors (SMR), which guarantees a significant improvement in efficiency, as well
as nuclear reactor flexibility [19,20]. In [21], the authors proposed a new promising solution for an
intermediate heat exchanger, which is applicable to the gas turbine high-temperature reactor system
and is implemented to cogenerate electric power generation, hydrogen production, and heat. A new
power cycle is being developed by the Japan Atomic Agency for GTHTR300C unit.

Another direction is the use of high-temperature gas nuclear reactor, which can be considered as
an ideal reactor for energy, process applications, and district heating.

The outlet temperature of the helium gas coolant for the high-temperature reactor is as high as
750 °C. A number of research studies on the HTR implementation were conducted in France, Japan
Russia, and the United States [22,23], and, currently, this reactor development program is under
development in many places. HTR technology [24,25] provides access to the energy conversion with
performance higher than offered by classical available today’s nuclear technology and fully resolves
the issue of safety. For this reason, HTR can be considered to be an ideal solution not only for the power
generation sector but also for the industry sector, as well as for district heating purposes [26-28]. A new
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generation of high-temperature reactors is the most innovative solution among all available nuclear
technologies. Gas-cooled reactor systems possess several essential features that distinguish them from
all other types of nuclear reactors and provide an important operational advantage. The reactor fuel
in the form of ceramic-coated particles is able to operate at temperatures higher than 1800 °C; the
coolant can be carbon dioxide or helium both inert for neutrons and graphite moderator [19]. In [22],
the authors proposed an approach to reduce the overall dependence on fixed burnable poisons during
high-reactivity periods within a high-temperature graphite-moderated reactor.

The prototype of the next-generation nuclear power plant which assumes construction similar
to the steam-cycle high-temperature gas-cooled reactor AREVA, with the target of using about 30%
of heat energy to produce hydrogen is likely to be deployed by 2030 [29]. In another programme,
China plans to start operation of the first HTR in 2020 [30]. Very practical research studies were done
in [31]. Authors show a first step in the validation of the numerical code applied to gas-cooled reactors.
Validation was based on measurements from two facilitates, Oberhausen I and Oberhausen II, and
focused on direct Brayton cycle, as well as turbo-machinery modelling. Presented results comparison
permits an accurate way for numerical codes validation. Analyses were performed for steady and
transient cases and included turbo-machinery detailed validation under different load conditions.
Results of the numerical analysis show good agreement against experimental measurements. With
the use of the same numerical code Saez et al. [32] analysed deblading accidents in a system with
HTR. Authors concluded that there is an important safety concern to examine the consequences
of such danger missiles and for safety reasons in case of blade failure, it is recommended for the
turbomachinery a horizontal shaft aligned with the nuclear reactor. In case of deblading other blades
may be also damaged due to impact with the previous blade and as a consequence, the entire rotor
may become unstable.

Two different dynamic models of a nuclear gas turbine power plant for the high-temperature
nuclear reactor using a direct Brayton cycle were presented in [33]. The nuclear reactor model has
been used in both models, utilising a kinetic model evaluated directly from a nuclear reactor model.
The results for the power plant were compared for transient cases. The first case was based on load
rejection, and the second one with the system at part load. The authors showed that, when the power
plant operates at a load rejection working point, the model for the turbine is critical and becomes the
main source for the differences between data. The authors also showed that substantial changes in
mass flow rate were observed and that the recuperator models have a minor impact on results. For all
cases, the numerical results were in good agreement.

The high-temperature gas reactor has the potential to operate as an inherently safe reactor. The
idea of “inherently safe” is usually considered as the reactor feature to obtain a steady-state, where
products of radioactive fission are set free before they reach defined levels. In such a case, the usage of
passive systems is required which rely on natural convection processes in order to limit maximum
reactor temperature in the case when all active control systems fail. Passive systems usually also do not
need any human action. In order to improve part-load efficiency, backpressure adjustable gas turbine
cycle was proposed [34]. A method based on adjusting the gas turbine exhaust pressure with an
induced draft fan arranged downstream of the heat recovery steam generator. The proposed solution
is able to expand the operating load range and results in higher than typical part-load efficiency.
Presented results have shown that reducing the backpressure neither impact inlet and outlet Mach
numbers on the last stage of the turbine nor turbine performance.

The aim of the present study is to investigate new combined power cycles for heat and electrical
power generation using the gas turbine and steam turbine coupled with a high-temperature nuclear
reactor. The objective is to find the optimal configuration for the cases with cogeneration and a
different number of pressure Heat Recovery Steam Generator units (HRSG) summarised in Table 2.
In the analysed systems, twelve various advances configurations were taken into consideration:
1st-scenario, with single-, dual-, and triple-pressure heat-recovery steam-generator units; 2nd-scenario,
with inter-stage steam superheat system with single/dual/triple-HRSG-pressure heat-recovery system;
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3rd-scenario, with steam regeneration system with single/dual/triple-HRSG-pressure heat-recovery
system; and the last one, the 4th-scenario, with a regeneration system and inter-stage steam superheat
with single/dual/triple-HRSG-pressure heat-recovery system to show influence of the proposed
solutions on the final results.

Table 2. The lists of analysed scenarios.

System Configuration System Configuration System Configuration

1P-HRSG heat recovery system 2P-HRSG heat recovery system 3P-HRSG heat recovery system

Inter-stage steam superheated Inter-stage steam superheated Inter-stage steam superheated
system with 1P-HRSG heat system with 2P-HRSG heat system with 3P-HRSG heat
recovery system recovery system recovery system

Steam regeneration system with

1P-HRSG heat recovery system Steam regeneration system with Steam regeneration system with

2P-HRSG heat recovery system 3P-HRSG heat recovery system

System with a steam regeneration ~ System with a steam regeneration  System with a steam regeneration
and inter-stage steam superheat and inter-stage steam superheat and inter-stage steam superheat
with 1P-HRSG with 2P-HRSG with 3P-HRSG

2. Mathematical Model and Assumptions

The mathematical model for the thermodynamic analysis of the cycles presented in Figures 1 and 2
consists of the equations for high-temperature reactor coupled with a steam turbine, gas turbine, steam
regeneration, heat recovery steam generation, and a large number of minor components. An analysed
cycle can be calculated by using the various methodology presented in the literature [35-37]. In this
research study, the following equations were used. The high-temperature reactor thermal power was
calculated as follows:

Qr = mHeCpHe(Tout - Tin) 1)

where Ty and Tj, are reactor outlet and inlet temperature; and mqg, and CpHe are helium mass flow
rate and specific heat. The heat flux in the primary helium loop, Q,, is equal to the following:

Qr = titgre(h1 —ip) )

where hy and hy are specific enthalpies for helium at the inlet and outlet of the high-temperature heat
exchanger IHX hot side. The heat flux, Qr, in the secondary helium loop is calculated as follows:

Qr = ritape (hy — h3) 3)

where i3 and hy are specific enthalpies at the inlet and outlet of the heat exchanger cold side, and 11,5,
is cooling gas mass flowrate. The enthalpies balance for the high-temperature heat exchanger IHX can
be written in the following form:

m1peCpHe[T1 — To) + ManeCpre (T3 — To) = minecpre (T2 = To) + Manecpre (Ta = To) 4

where T is reference temperature; T1 and T are inlet and outlet temperatures at heat exchanger hot
side; T3 and Ty are inlet and outlet temperatures at the heat exchanger cold side; and 11y, and mipy,
are helium mass flow at the hot and cold side. Electrical power for the steam turbine was evaluated
from the following equation:

2 2
Ngr = Ugennmech(z ninmechmpiwi) - Z [(mwiwpi)/(nipnmech)] &)
i=1

=1 i
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where 7); and 7);, are isentropic efficiencies for steam turbine and pump; 17,,¢;, and 7¢.n are generator
mechanical and electrical efficiencies; wy; is water pumps work; m,,i is steam mass flowrate; 1, is
water mass flow; and w; is high/middle/low-pressure steam turbine work. The gas turbine electrical
power was calculated from the following equation:

Ngr1 = ngeanHe(niGTnmechwGT - wC/[rliCrImech]) (6)

where 1)gen, MigT, and 1,eq, are gas turbine electrical, isentropic, and mechanical efficiency; 7;c is
compressor isentropic efficiency; and wgr and wc denote gas turbine work and compressor work,
respectively. The cycle thermal efficiency was evaluated by using the following equations:

. n
Ner + Nst +1Qcoc — %Npi -Ny

Ne = QR (7)

where Ngr is steam turbine first/second/third step electrical power, Ngr is gas turbine electrical power,
and Nj, and N),; are fan energy demand and pumps energy demand, respectively.
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Figure 2. The HTR coupled with a gas turbine combined cycle with 3P HRSG and inter-stage steam
superheated system.

The calculations were made by using software provided by Steag Energy Services—Ebsilon
Professional. A mathematical model for the key components of a high-temperature nuclear reactor
coupled with the advanced gas turbine combined cycle is presented in Tables 3 and 4 [37-41].

Table 3. General model formulations.

Thermodynamic equations for heat exchanger (IHX)

ps =p3 — dpuN ty =DIN :o hy = f(ps,Ts)

my = my Qs = myhy L d--a
p2 =p1 — Dp2N Q;=Q; +dQ rm o mm. M=y

hy = Qy/m; Tp =f(p2,hy) — DTio=Ts4 - Ty
DTyp =Ts - T, LMp = (DTyup-TLo)/(In(DTyp)-In(DT10)) : KAy = DQ/LM1p
Thermodynamic equations for compressor :

my =my s1 = 1£(p1,T1) 1 tas = f(p2,51)

hys = f(p2,Tas) dhg =hps —hy dh = dys/ETA;

hy =h; +dh ty = f(p2,ho) Qy=mzh,

hz = (mphy — m1hy)/(m3zETAy) Vi =f(p1,T1) Vin1 = myvy
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Table 4. General model formulations.

Thermodynamic equations for Gas Turbine (GT)

P1=PIN* (ETA]/ETA[N) = f(m]/m]N) ETAI = (ETAI/ETA]N) * ETA]N ' o~ mp =my

s1 = f(p1,T1) tys = f(p2,51) hos = £(P2,Tas)
Dh = dhgETA; h, =h; —dh : - Ty = f(pz, hy)
Q =mph, Q= (mihy — myhy) * ETAMN Py =PNF

h4 = (Q + m3h3FAC)/m4 F= ml/mlNSqrt((Tl +27314)/(T1N +27314)) l

Thermodynamic equations for Steam Turbine (ST)

x1 = f(p1,h1) s1 = f(p1,h1) V1 =f(p1,h1)
Vin1 = mvy 825 =81 b hys = f(p2,825)
- ETA=ETAN *
dhg =h; —hyg Fax = my/mn f(F . N
(Fax)

ETA| = ETA[ * £Fag)
dhyr = dpain
dh = dhs * ETA[

Fak = Vm1/Vmin
Fak = Vm2/Viman
hz = h1 - dh + thL

Fak = (p1/p2)/(pin/P2n)
ETA[ = ETAN * f(Fak)
dhyy, = dhypn * Fak?)

xa = f(p2,hy) Ty = f(p2,hy) mp =mp +ms +my
P3 =Pp2 T3 =T, hz =hy

Q; =mzh; p4+=p2 Ty=T,

hy=hy Qq =myhy

Thermodynamic equations for evaporator

Ps =Ps =P5=P2=P1 Ty =Ts =T = Tg = fsat(p1) T1 =T, — TareN

hg = f Ts5,X =

hy = f(p1,T1) hy = fat(p2, T2, x=1) 05 sat(ps.Ts
s6 = f(pe,To) P7 =Pe + dpian . : hzs = f(p7,s6)
dhs = h75'h6 dh = dhs/ETAIN | J\ hy = h6 +dh
t7 = f(p7.h7) P4 =P3 — dpaN il T4 =T7 + PINPN
hy = f(p4,T4) my =mg o Q3 =mzhs

| I = - 1
Q4 = myhy ON=Q3-Q . (_2% (()23 Q)

QLR

mphy — myhy + mshs — Qpum = Qg7 mg = mpCN mj =mp +m;
Qpum = medh DTio=Ty-Ty mg = my =mg

mp = (Qg7 — ms * (hs — hy))/(hp —h; —CN*
dh)

Q7 =mgzhy

LMrtp = (DTyp — DTLo)/(In(DTyp) —
In(DTy0))

Thermodynamic equations for deareator

KAy = dQ/LMyp

KANLMtp = (mzhz — myhy)(1 — Dqrr)
KANLMTD = mshg —my * h7

DTyp = T3 - Tg

F = (m3/mgn)? dpaz = dpaonF 4 ' p2 =ps —dpa
e _ - mp =mjp +m3 +

To =f(p2) hy = f(py,T2) : my - ms
Q2 = mphy P5 =pP2=PpP1=p4 : Ts =T

mg = ((mghy -
hs ={"(Ts) qs = mshs mih; —mghy +

mshs))/hs
Thermodynamic equations for pump
s1 = f(p1,h1) Tas = f(p2,51) hyps = f(p2,51)
hy = hy + dhdhs = hyg — hy Fluid Oil: dps = 0.1(ps — p1)/o . ma =M

n vi=1/o

Vm1 < MINFLOW Reire = MINFLOW/Vin1 L Rere =1
dueap = 100000(p2 — p1) * v1/9.81 Rzur = f(duEAD/Son) TN dh = dhs/ETA;
vy = RzypZyr my = vi1/(Rerevi) Rere =1

ETAI = ETAINf(ml/mlN)
hz = (mphy — mihy)Rere/ETAM

Fcarc =1iFspec =1 dHEAD = f(Vin1)

P2=p1+ 9.81* dHEAD/Vl *0.00001

Thermodynamic equations for condenser
K = 6.47878 * (441.325;m — druppAU) *
SorT(UW) * CT * CM * CL1yBg

UW = dy)/(0 * Nyypg *3.141592 *
(DruBen/2))

Ruow = 1/SPEZVOL(px), Tx (1))

CT = 1.395-EXP(-Tx(1)/22.61°C) — (Txq1) —
21°C)/166°C

KA =k* Atupg

Cpw =
Crw(Px), Txq))

Where: KA = Coefficient KA; o = The specific density of cooling water from a specified volume; CT = The
correction factor for cooling water temperature, when differs from 21 °C; Ltygerr = The correction factor for
thickness tubes other than 1.24 mm and raw materials other than CuZnygSn: CM Effective length of the cooling
pipe; Cpw = Coefficient of specific heat cooling water.



Energies 2020, 13, 400 8 of 16

The model parameters for the main components of the power cycle, as well as assumptions for
numerical analysis for all configurations analysed in this work, are shown in Table 5. The calculations
were done by using Ebsilon. The detailed calculation procedure and additional system components
description with remaining governing equations can be found in other authors work [38,39].

Table 5. Working parameters and assumptions for thermodynamic analysis.

Parameter name Value Unit
HTR thermal power 300 MWy,
Primary loop—working fluid He -
Secondary loop—working fluid He -
Primary loop—mass flow rate of helium 128 kg/s
Inlet pressure before Gas Turbine 6.95 MPa
HTR outlet temperature 850 °C
HTR coolant pressure 7 MPa
Outlet pressure after GT 2 MPa
Secondary loop—mass flow rate of helium 104.5 kg/s
Temperature of outlet water from condenser 24.0 °C
Pressure inlet at feedwater preheater 0.5/0.9 bar
ST inlet temperature 385 °C
ST inlet pressure 20.5 MPa
GT isentropic/mechanical efficiency 0.9/0.99 -
ST isentropic/mechanical efficiency 0.88/0.998 -
Generator electric efficiency 0.986 -

In the analysed systems the HRSG (heat-recovery steam generator) unit is a key system component.
Any HRSG modification or different configuration may have a remarkable impact on the performance of
the steam turbine loop, and as a consequence, the performance of the whole thermal cycle. It is worth to
notice that the highest heat transfer takes place in the evaporator part for the high-pressure level, as well
as in the economiser part for the low-pressure level. The remaining heat from the exhaust gases of the
gas turbine is used in an HRSG unit in order to produce high-temperature steam. High-quality steam is
then used for industrial processes purposes or for electrical energy generation. In the analysed systems,
twelve various scenarios were considered: first scenario with single/dual/triple-pressure heat-recovery
steam-generator units (Figure 1); second scenario with inter-stage steam superheat system with
single/dual/triple-HRSG-pressure heat-recovery system; third scenario steam regeneration system with
single/dual/triple-HRSG-pressure heat-recovery system; and the last one scenario with a regeneration
system and inter-stage steam superheat with single/dual/triple-HRSG-pressure heat-recovery system
(Figure 2), to show the influence of the proposed solutions on the final results. A computational model
for the HRSG unit and selected other units with heat-transfer equations is presented in details in [41].

The analysed systems independent on particular case operates with three independent loops. The
first main HTR nuclear reactor loop of the system is a helium loop where helium at a rate of 128 kg/s and
a pressure of 7 MPa is heated to a temperature equal to 850 °C and enters the main helium-to-helium
heat exchanger (IHX). In this heat exchanger heat from the high-temperature helium gas is transported
to the secondary loop, where the working fluid is helium. Colder helium is circulated back to the
nuclear reactor using a compressor or a helium blower. In the nuclear reactor, helium gas is reheated.
It is important to notice that the nuclear reactor is constructed as a very safety reactor so that, if the
compressor—due to any reasons—does not work properly or at all, generated in reactor core heat can
transfer to the surroundings using only natural convection. During normal operation, working gas
enters the HTR core at the bottom and flows up through the vessel. Next helium is redirected at the
top to flow through the reactor core from top to bottom, providing as high as possible temperature
for outlet gas. That exposes the core barrel to the cooler inlet helium, rather than the hotter outlet
helium, thereby reducing the operating temperature of the barrel material, but also preventing natural
convection and decreasing heat losses from the reactor walls. The HTR to be safe reactor cannot be
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thermally isolated. It is also essential to keep the gas inlet temperature relatively low and the system
has to provide an inlet temperature precisely at the value required by nuclear reactor specification.

The second loop employs gas turbine and heat recovery steam generator that uses exhaust
gas from a gas turbine (GT) in order to produce high-quality steam, which is then supplied to an
LP/MP/HP steam turbine unit. The primary constraint in operation of the presented power plants is
HRSG which is installed directly after gas turbine where changes in pressure and temperature of the
exhaust gases can generate significant mechanical and thermal stresses. The most common type of
heat recovery steam generator contains two or three subsections of heat exchanger modules—for low
pressure, intermediate pressure and high-pressure steam. After exiting the gas turbine, the working
gases flow (depend on exact configuration) through a superheater, an evaporator and an economiser
where steam is produced under pressure and temperature. The exact values vary depending on the
reactor temperature and GT, compressor compression ratio and the number of HRSG units. The steam
generated in the system passes through high, medium and low-pressure turbines, where sequential
expansions occur to pressure about 80 kPa and a temperature above 120 °C. After exiting the turbine,
the steam enters the condenser and additional heat exchanger for cogeneration.

When the power plant is operated in a common load-following operation mode, this can lead to
large mechanical stress. Operating conditions of the steam turbine are somehow directly connected to
the gas turbine and heat-recovery steam system. The situation has become even more complicated
since the additional heat exchanger is installed for cogeneration (district heating). Determining the
proper thermodynamic and mechanical conditions for all components to ensure efficient work of the
cycle has become a very complex problem.

3. Results and Discussion

Before the thermodynamic investigations were performed, the numerical model was validated
against experimental data. A system validation was performed based on a comparison of selected
thermodynamic parameters with the operating system, taking into account experimental results [42].
The system used in the experimental measurement was partially modelled. The evaluated results are
very close to experimental measurements, confirming that the mathematical and numerical formulas
ensure proper results [4].

The results presented in Figures 3 and 4 and summarised in Table 6 are based on the layout of
GTCC (see Figures 1 and 2) with single, dual, and triple-pressure heat-recovery steam-generation
system with cogeneration coupled with HTR and with various sub-configurations. One can infer
from Figure 3a that the triple-pressure HRSG system without inter-stage steam overheating is able to
generate more than 212.9 MW, of electrical power. When the system is simplified and equipped with
only a single or dual heat-recovery steam-generation unit, then electrical energy production is about
195.6 and 206.7 MW, respectively, as shown in Figure 3a. In that case, a decrease in the electrical
power generation for single- or dual-pressure HRSG is observed.
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Figure 3. Electrical energy from GT, ST and heat production Q (a), energy self-consumption (b) and
overall system thermal efficiency for the system with 1P, 2P, and 3P HRSG without (c) and with
(d) inter-stage steam overheating.

The investigated thermodynamic cycle with cogeneration is able to generate electrical power with
thermal efficiency of 54.9% 52.2%, and 47.7%, depends on the configuration, i.e., triple-3P, dual-2P and
single-1P, pressure level HRSG respectively while for the setting with inter-stage steam overheating
unit obtain higher thermal efficiencies equal to 55.7%, 50.3%, and 43.8%, respectively. Because nuclear
reactor power is fixed heat transported from the first loop to the second loop is constant. Independent
of the number of HRGS units and pressure drops in the secondary loop utilise the same amount of
primary heat. The proposed system independent of the number of HRSG unit gas turbine generate
the same amount of electrical energy equal to 178.6 MW. As a consequence, the power generated by
the HP/MP/LP steam turbines differs significantly. That allows following at some level to the grid
system, as well as heat for cogeneration requirements. An increasing number of HRSG units increase
significantly pressure drop. As a consequence, higher energy consumption by the compressors or
blowers is observed. A larger number of units also makes a system more sensitive to any local changes
and causes problems when keeping thermodynamic parameters at a predefined level. More HRSG
units, particularly evaporators, in the case of complex systems with inter-stage steam superheat or
steam regeneration or both, generate significant problems to evaluate or to maintain parameters at
the level which ensures safety but also system efficiency. Inter-stage superheating, even with steam
regeneration, is a worse solution than steam regeneration only.
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The results for the system with a cogeneration and steam regeneration unit and with inter-stage
superheating and regeneration of the steam are presented in Figures 4a—c and 4d-f, respectively. The
systems with steam regeneration are able to generate about 214.2, 204.5, and 194.2 MW, for 3P, 2P, and
1P configurations, respectively (presented in Figure 4a), while the system with inter-stage superheating
and regeneration of steam obtained power equal to 212.9, 201.0, and 196.2 MW, for 3P, 2P, and 1P
configurations, respectively (see Figure 4d). The investigated power cycles thermal efficiency for
sub-configuration with triple, dual, or single HRSG unit obtain value in the range from 43.6% up
to 56.3%. The detailed information for all sub-configurations analysed in this work is summarised
in Table 6.
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Figure 4. Electrical energy generation from GT, ST and heat production Q (a,d), energy self-consumption,
(b,e) and the overall system thermal efficiency (c,d) for the system with 1P, 2P, and 3P HRSG with a
steam regeneration system (a—c) and with inter-stage superheating and regeneration of steam (d—f).
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Table 6. Working parameters and assumptions for thermodynamic analysis.

Electricity Pr ion Ener Thermal
System Configuration Production (MW,) (())fd :Iceta:) Self—Consfr}r’lption Efficiency
Gas Steam Energy (MW) (%)
Turbine Turbine (MWy,)

1P-HRSG heat recovery system 16.9 425 95.1 47.6

2P-HRSG heat recovery system 28.0 42.5 92.4 52.2

3P-HRSG heat recovery system 34.3 425 90.9 54.8
inter-stage steam superheated

system with 1P-HRSG heat 17.9 31.5 96.8 43.8

recovery system
inter-stage steam superheated
system with 2P-HRSG heat 229 42.6 93.2 50.2
recovery system
inter-stage steam superheated
system with 3P-HRSG heat 35.4 42.6 89.5 55.7
recovery system
steam regeneration system with

1P-HRSG heat recovery system 178.6 156 425 93.8 47.6
steam regeneration system with

2P-HRSG heat recovery system 259 425 89.0 526
steam regeneration system with 355 05 879 56.2

3P-HRSG heat recovery system
with a regeneration system and 17.5 30.4 96.0 43.5
inter-stage steam superheat
with 1P-HRSG
with a regeneration system and 224 411 921 50.0
inter-stage steam superheat
with 2P-HRSG
with a regeneration system and 34.3 39.3 87.6 54.9
inter-stage steam superheat
with 3P-HRSG

4. Conclusions

The high-temperature gas nuclear reactor-HTR integrated with gas turbine combined cycleisa very
promising novel solution in the field of emission-free energy production. All twelve presented solutions
are characterised by very high power-plant performance. The industrial application of proposed in
this work power cycle is one of the most efficient ways for energy conversion. Presented results show
that it is possible to obtain thermal efficiency higher than could be offered not only by typical brown
coal or hard coal power plant, but also more than can be offered by the current nuclear technologies
used. The electrical energy and thermal efficiency depend on the exact sub-solution considered here,
including single/dual/triple pressure heat recovery steam generator units; inter-stage steam superheat
system; steam regeneration system and regeneration system and inter-stage steam superheat.

Presented results of the analysis show that the triple-pressure HRSG system without inter-stage
steam overheating is able to generate more than 212.9 MW, of electrical power, and when the system is
simplified and equipped with only single or dual heat-recovery steam-generation unit, then its electrical
energy production is about 195.6 and 206.7 MW, respectively. The power plant with cogeneration is able
to generate electrical power with the thermal efficiency of 54.9%, 52.2%, and 47.6%, depending on the
configuration, i.e., triple-3P, dual-2P, and single-1P, pressure level HRSG, respectively. The configuration
with inter-stage steam overheating unit obtained higher thermal efficiencies equal to 55.7%, 50.3%, and
43.8%, respectively. On the other hand, the system with inter-stage superheating and regeneration of
steam obtained power equal to 212.9, 201.0, and 196.2 MW, while with steam regeneration evaluated
power is 214.2, 204.5, and 194.2 MWe for 3P, 2P, and 1P configurations, respectively.
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The results of the analysis show that it is possible to obtain the thermal efficiency 52.2% for the
simple system with cogeneration and with dual pressure-level HRSG, which is the best solution from
an economic point of view. The system with the triple-pressure-level HRSG unit offers efficiency 2.6 p.p.
higher; however, additional cost it is not always economically justified. At the same time, the system
with cogeneration and with inter-stage steam overheating can obtain efficiency as high as 55.7%. The
highest efficiency achieved for configuration with the steam regeneration system in the range from
43.6% up to 56.3%. The increasing number of HRSG units increase significantly pressure drop and
energy consumption by the compressors or blowers. A complex system with a larger number of units
also generates a solution more sensitive to any local changes in thermodynamic parameters. More than
one HRSG unit in case of complex systems with inter-stage steam superheat or steam regeneration
or both generate significant problems to evaluate and to maintain thermodynamic parameters at a
predefined level which ensure system safety and efficiency.

Recently, renewable energy and nuclear energy have been deployed and widely expanded globally
in order to reduce harmful gases emissions and significantly improve the air and environment quality.
The fossil-fuel-dominated power systems decrease, and the decrease of coal-fired power plants is
observed; on the other hand, the electrical energy production based on renewable energy create the
power system with a severe problem caused by the instability and unpredictability. For this reason,
nuclear systems with new safe reactor type have aroused substantial attention as an essential component
of the national power systems. The proposed cycles are based on one of the most advanced technologies,
giving the possibility to generate electrical power, as well as high-temperature technological heat,
while being suitable due to very safe construction, which makes them different from currently available
district heating cycles.

Author Contributions: Conceptualization, M.].; methodology and software, M.D.; supervision, Z.K. and M.J,;
writing original draft and review and editing, M.]J. All authors have read and agreed to the published version of
the manuscript.

Funding: The present work was supported by the Polish Ministry of Science (Grant AGH No. 16.16.210.476).

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

SMR Small Modular Reactors

HTR High-Temperature Reactor

HRSG Heat Recovery Steam Generator units
GT Gas Turbine

ST Steam Turbine

Symbols

Tout Reactor outlet temperature (K)

Tin Reactor inlet temperature (K)

T; Working fluid temperature at point i (K)
h; Working fluid enthalpy at point i (M])
pi Working fluid pressure at point i (MPa)
MHe Helium mass flow rate (kg/s)

m,,i Steam mass flow rate (kg/s)

Mpi Water mass flow rate (kg/s)

CpHe Helium specific heat (J/kgK)

Qr, Reactor thermal power (MW)

] Cycle thermal efficiency

n; Steam turbine isentropic efficiency

Nip Pump isentropic efficiency

Mmech Generator mechanical efficiency

Tgen Generator electrical efficiency
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iGT Gas turbine isentropic

NimechGT Gas turbine mechanical efficiency
nic Compressor isentropic efficiency
wGT Gas turbine work (M])

we Compressor work (M])

Wy Pumps work (M])

Ngt Steam turbine electrical power (MW)
Ner Gas turbine electrical power (MW)
Ny Fan energy demand (MW)

Np; Pumps energy demand (MW)
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