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ABSTRACT

DESIGN AND ANALYSIS OF HELIUM BRAYTON CYCLE FOR ENERGY CONVERSION
SYSTEM OF RGTT200K. The helium Brayton cycle for the design of cogeneration energy conversion
system for RGTT200K have been analyzed to obtain the higher thermal efficiency and energy utilization
factor. The aim of this research is to analyze the potential of the helium Brayton cycle to be implemented in
the design of cogeneration energy conversion system of RGTT200K. Three configuration models of
cogeneration energy conversion systems have been investigated. In the first configuration model, an
intermediate heat exchanger (IHX) is installed in series with the gas turbine, while in the second
configuration model, IHX and gas turbines are installed in parallel. The third configuration model is similar
to the first configuration, but with two compressors. Performance analysis of Brayton cycle used for
cogeneration energy conversion system of RGTT200K has been done by simulating and calculating using
CHEMCAD code. The simulation result shows that the three configuration models of cogeneration energy
conversion system give the temperature of thermal energy in the secondary side of IHX more than 800 °C at
the reactor coolant mass flow rate of 145 kg/s. Nevertheless, the performance parameters, which include
thermal efficiency and energy utilization factor (EUF), are different for each configuration model. By
comparing the performance parameter in the three configurations of helium Brayton cycle for cogeneration
energy conversion systems RGTT200K, it is found that the energy conversion system with a first
configuration has the highest thermal efficiency and energy utilization factor (EUF). Thermal efficiency and

energy utilization factor for the first configuration of the reactor coolant mass flow rate of 145 kg/s are
35.82% and 80.63%.
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ABSTRAK

ANALISIS DAN DESAIN SIKLUS BRAYTON HELIUM UNTUK SISTEM KONVERSI ENERGI
RGTT200K. Telah dilakukan analisis siklus Brayton helium pada desain sistem konversi energi kogenerasi
RGTT200K untuk memperoleh tingkat efisiensi termal dan faktor pemanfaatan energi yang tinggi. Tujuan
penelitian ini adalah untuk menganalisis potensi siklus Brayton helium untuk diterapkan dalam desain sistem
konversi energi kogenerasi RGTT200K. Tiga model konfigurasi desain sistem konversi energi kogenerasi
telah dianalisis. Pada model konfigurasi pertama Intermediate Heat Exchanger (IHX) dipasang secara serial
dengan turbin gas, sedangkan pada model konfigurasi kedua IHX dan turbin gas dipasang secara paralel.
Model konfigurasi ketiga mirip dengan konfigurasi pertama, tetapi pada model konfigurasi ketiga dipasang
dua kompresor. Analisis kinerja pada desain siklus Brayton untuk sistem konversi energi RGTT200K
dilakukan dengan cara simulasi dan perhitungan kinerja sistem konversi energi menggunakan kode
komputer CHEMCAD. Hasil simulasi menunjukkan bahwa ketiga model konfigurasi dapat memberikan
energi termal pada sisi sekunder IHX dengan temperatur lebih dari 800 °C jika laju aliran massa pendingin
reaktor 145 kg/s. Namun demikian, paremeter kinerja yang meliputi efisiensi thermal dan faktor
pemanfaatan energi (EUF) berbeda untuk masing-masing model konfigurasi. Hasil perbandingan parameter
kinerja pada ketiga model konfigurasi siklus Brayton helium untuk sistem konversi energi kogenerasi
RGTT200K menunjukkan bahwa model konfigurasi sistem konversi energi kogenerasi yang pertama memiliki
efisiensi termal dan faktor pemanfaatan energi (EUF) tertinggi. Nilai efisiensi termal dan faktor
pemanfaatan energi untuk model konfigurasi pertama dengan laju aliran massa pendingin reaktor 145 kg/s

adalah 35,82% dan 80,63%.

Kata kunci: Siklus Brayton helium, RGTT200K, Sistem konversi energi, EUF, Efisiensi
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INTRODUCTION

The combination of all primary energy sources with fossil fuels and renewable energy will
dominate the energy supply in the future. Due to the energy reserves of fossil fuels, dwindling the
energy supply comes from nuclear energy is expected to take an increasingly large role [1]. The
increasing role of nuclear energy as an energy supplier in the world is affected by the results of the
research and development of reactor technology. The tendency of research and development activities
on reactor technology in the world today is the development of energy systems based on Generation IV
(Gen 1V) reactors [2]. Nuclear energy system, which is currently being developed within the
framework of the reactor Generation IV, is designed to offer passive and inherent safety to reduce the
consequences of a nuclear accident [1,2].

Reactor technology development, especially Generation IV reactors, is not only to be electricity
generation but also to be a provider of thermal energy for industrial processes. Therefore, nuclear
energy is not only used for a Nuclear Power Plant (NPP) but also for a Nuclear Energy Systems (NES)
or a hybrid reactor system [3,4]. NES is a nuclear reactor, which implements a cogeneration
configuration to generate electricity, hydrogen production and desalination process [3-5]. There are
several design concepts of Generation IV reactor systems that implement cogeneration systems.
Taking into account the outlet temperature of the reactor system and thermal efficiency for the
hydrogen gas production process, the type of reactor that best matches the concept of cogeneration for
power generation and the production of hydrogen gas is the concept of high-temperature gas-cooled
reactor system (HTGR) [3-5].

Various studies related to the HTGR cogeneration system have been carried out. Gustavo
Alonso et al. [6] reported that the cogeneration system of the Pebble Bed Modular Reactor (PBMR)
can generate electricity and supply a process heat in refineries for the production of gasoline. The
cogeneration system GTHTR300C can be used as power generation, hydrogen production and
desalination of sea water [5,6]. GTHTR300C and PBMR cogeneration system are designed in a closed
Brayton cycle [5,6]. In addition to the implementation of cogeneration systems in the Brayton cycle,
the application of cogeneration system in the Rankine cycle has also been carried out [7]. Colin F.
McDonald [8] proposed a power conversion system (PCS) in the combined cycle between Brayton
cycle and a steam Rankine cycle. Another study by Po-Jui Li [9], by integrating Organic Rankine
Cycle (ORC) and Brayton cycle with VHTR, the total efficiency of the PCS can be increased up to
about 8.6%.

This work is conducted to the design of energy conversion systems on RGTT200K with
cogeneration purposes. RGTT200K is the conceptual design of High Temperature Gas-cooled Reactor
(HTGR) that has been developed by BATAN. The development of RGTT200K is based on the
analysis of energy supply needs in the Bangka Belitung island which is the result of a study from the
Center for Energy Development - BATAN 2010 [10,11]. RGTT200K is also designed in the concept
cogeneration. Utilization of the thermal energy from RGTT200K designed is for electricity generation,
production of hydrogen gas and for seawater desalination. Energy conversion system on RGTT200K is
designed using helium gas as the cooling fluid with the reactor outlet temperature 950 °C and the
pressure 5 MPa.

The optimal design of RGTT200K energy conversion systems can be done by analyzing the
performance of the systems and selecting one of the three alternative configuration models. In the first
configuration model, an intermediate heat exchanger (IHX) is serially installed with the gas turbine,
while in the second configuration model, IHX and gas turbines installed in parallel. The third
configuration model is similar to the first configuration model, but installed with two compressors.
Optimization of cogeneration energy conversion systems of RGTT200K are based on the analysis
results from various configuration models of cogeneration energy conversion systems, the conceptual
design of system components and the calculation results of performance parameters. Some
performance parameters of the cogeneration energy conversion systems under consideration include
the amount of thermal power that can be supplied to the unit utilization of thermal energy, thermal
efficiency, and energy utilization factor (EUF) [12,13]. Thermal efficiency is calculated based on the
ability of the energy conversion system for generating electricity while the EUF is calculated based on
the total units of thermal energy utilization.
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The purpose of this research is to find the optimal configuration from the three alternative
configuration modelss of energy conversion systems on RGTT200K cogeneration. Optimization
calculation is based on two performance parameters, namely the thermal efficiency and EUF [12,13].
The conceptual design of cogeneration energy conversion systems of RGTT200K apply Brayton
cycle. Calculation and modeling of thermodynamic processes of RGTT200K energy conversion
systems are performed using computer software CHEMCAD. CHEMCAD software has been widely
used in the modeling and simulation of cogeneration energy conversion systems [14-16].

THEORY

The thermal efficiency (1) in energy conversion systems is defined as only the efficiency of
thermal power for electricity generation. The overall values of thermal efficiency are the result of the
division amongst the thermal power for electricity generations. The amount of thermal efficiency can
be calculated using (1) [12].

n = W, —XW,. — W,
th

where # is thermal efficiency, 2Wris the workload for turbine, 2Wcis the workload for compressor,
2 Wy is the workload all system, and Qy, is the thermal power generated by the reactor.

The value of thermal energy utilization factor (EUF) which describes the amount of thermal
energy that can be harnessed is calculated for each unit utilization as shown in equation (4) [11]. EUF
value gives an overview of how the percentage of thermal energy that can be utilized.

(M

EUF =""*% 1009 @

in
where EUF is the energy utilization factor, W is the work produced by the cogeneration systems for
power generation, O, is the thermal power that is used in addition to power generation in cogeneration
systems, and O, is the total power supplied to the cogeneration system.

METHODOLOGY

There are three units in the application of cogeneration energy conversion systems design
RGTT200K, namely: applications for hydrogen gas production, applications for electricity generation
and applications for seawater desalination. The source of thermal energy in the energy conversion
system is a high- temperature gas-cooled reactor (HTGR) with the thermal power of 200 MW. The
coolant temperature at the outlet of reactor is 950 °C and the pressure of the reactor coolant out of the
reactor is 5 MPa.

Three alternative configurations are considered in the design of RGTT200K energy conversion
systems. In the first configuration, as shown in Figure 1, helium gas as the reactor coolant flows from
the reactor through IHX, gas turbines, recuperator, precooler, compressors, recuperator and returned to
the reactor. Thermal power for the production of hydrogen gas are transferred from IHX at the
secondary side and the thermal power for desalination are transferred from the precooler. The main
component parameter values as input for simulations using CHEMCAD is shown in Table 1. Pressure
drop in the shell side of heat exchanger is 0.04 Mpa. The heat transfer area and the total heat transfer
coefficient on the heat exchanger are set to give the most effective heat exchanger. Simulation for
energy conversion system configuration is done by setting the first three reactor operating parameters,
i.e. temperature, pressure and power of the reactor thermal. Thermal power of the reactor was set to
200 MWt, coolant pressure at the point of reactor coolant output was set to 5.0 MPa. Simulations are
carried out by varying the coolant mass flow rate from 100 kg/s to 200 kg/s.

The second alternative configuration of RGTT200K energy conversion system is shown in
Figure 2. The difference between the first and the second configuration is the addition of flow divider
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that is mounted to the cooling channel out of the reactor. The function of flow divider is to divide the
flow of coolant coming out from the reactor into the gas turbine to supply thermal power for electricity
generation and the flow to IHX for the production of hydrogen gas. The amount distribution of the
flow in the flow divider can be adjusted according to the needs. In this case, flow is divided
respectively by 50% to the turbine and to IHX. The main component parameters are shown in Table 1.
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Figure 1. Flowsheet of the first configuration of RGTT200K energy conversion systems.

Table 1. The Component parameters of RGTT200K energy conversion systems.

Parameters Value
Pressure drop in the reactor 0.120 MPa
Pressure drop in the shell side of IHX 0.040 MPa
Pressure drop in the tube side of IHX 0.060 MPa
The heat transfer area (A) of IHX 1448 m*
The total heat transfer coefficient (U) of IHX 458 W/m* K
The polytropic efficiency of gas turbine 0.950

The polytropic efficiency of compressor 0.950
Pressure drop on the hot side of recuperator 0.040 MPa
Pressure drop on the cold side of recuperator 0.040 MPa
The U A factor of recuperator 92.674 MW/K
Pressure drop in the shell side of precooler 0.040 MPa
Pressure drop in the tube side of precooler 0.060 MPa
The heat transfer area (A) of precooler 1448 m*
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Figure 2. Flowsheet of the second configuration of RGTT200K energy conversion systems.

Theoretically, two compressors and one intercooler in the middle can increase the thermal
efficiency of energy conversion system. In the third configuration, two compressors and one
intercooler are installed to obtain higher thermal efficiency as shown in Figure 3. In this model, two
compressors are mounted, i.e. High-Pressure Compressor (HPC) and Low-Pressure Compressor
(LPC). HPC and LPC compressor are fitted with the same characteristics while the intercooler is fitted
with the same characteristics as in the pre-cooler. The input for this model is also shown in Table 1.

PBMR (| <:|
110]
©) @ IHX T 600.0
[l P 5.00 Produksi H2
2 W 54.0 T 800.4
| P 4.94
T 8265 W 54.0
P 504 ‘“1'_>|:J>
W 145.0 =
T 30.00 T91.45
T 7519
[ﬂ P 2.76 P 2.80
P50 W 145.00 W 145.00

Pem bangkit

@ Intercooler @ Listrik
T567.3 1 ‘ |
P29
W145.0 Turbin Compressor
To14
P 280 9
@ Recuperator W145.0
. @—<:|
1
T 300
skl @ Precooler P276
P 5.16 e
W145.0 %
Desalinasi
T92.93 T1226
P 2.83 P 5.20
W 145.00 W 145.0
113

Figure 3. Flowsheet of the third configuration of RGTT200K energy conversion systems.
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RESULTS AND DISCUSSION

The simulation results using CHEMCAD on the three configurations model of helium Brayton
cycle for RGTT200K cogeneration energy conversion systems are shown in Figures 4 — 6. The
simulations are carried out by raising the reactor coolant mass flow rate from 100 kg/s to 200 kg/s. The
simulation results shown that the addition of reactor coolant mass flow rate will decrease the coolant
temperature coming out from the reactor. Decrease in coolant temperature out of the reactor results in
the decreased of coolant temperature through IHX on the secondary side which is used as a supplier of
heat energy for the production of hydrogen gas. As shown in Figures 4 — 6, an increase in the mass
flow rate of the reactor coolant resulted in a decrease in the coolant temperature out of the reactor. The
reactor can supply thermal energy at temperatures sufficient for hydrogen production; the increased
mass flow rate of the reactor coolant should be limited. Therefore, the mass flow rate of reactor coolant
is limited by the temperature which can still be supplied by an energy conversion system through IHX
to the installation of hydrogen production. If the installation of hydrogen production using the iodine-
sulfur cycle process (IS cycle), the minimum temperature which are required for the production of
hydrogen gas through the IHX is 850 °C [17]. However, if steam methane reforming method is used,
the temperature required for the production of hydrogen gas can be lower, at a temperature of 800 °C
[18,19]. The temperature of 800 °C is the temperature required to decompose methane (CH4) into
carbon monoxide gas and hydrogen gas. Therefore, the installation of hydrogen gas production can be
operated the coolant temperature of the secondary side of ITHX should be not less than 800 °C.

The simulation is done by varying the mass flow rate of reactor coolant from 100 kg/s to 200
kg/s for the three design configurations of energy conversion systems of RGTT200K to show some
different characteristics. As shown in Figures 4 — 6, the first, the second and the third configuration
design of helium Brayton cycle for energy conversion system of RGTT200K give the temperature of
thermal energy at the secondary side of THX more than 800 °C of each at the reactor coolant mass flow
rate about 145 kg/s. In accordance with equation (1), (2) and (3) that the decrease in temperature at the
hot side of heat exchanger results in a decrease of the temperature in thermal power transferred through
IHX at the secondary side or cold side of the exchanger.
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Figure 6. Thermal power distribution on each unit as a function of the reactor coolant mass flow rate in the
first configuration.

Figure 4 and Figure 5 show that the thermal power for electricity generation will rise by
increasing the reactor coolant mass flow rate until 145 kg/s after that the thermal power for electricity
generation will decrease. The addition of the reactor coolant mass flow rate also increases the thermal
power, which is supplied to the turbine to be converted into mechanical energy. Increasing of the
thermal power which be supplied to the turbine will be accompanied by rising thermal power that
required rotating the compressor. The thermal power for electricity generation represents is the
difference between the thermal power which be supplied to the turbine and the thermal power which
be required to rotate the compressor. In the third configuration in which there are two compressors, as
shown in Figure 6, showed a different trend. In the third configuration, the thermal power for
electricity generation continues to increase with the addition of the reactor coolant mass flow rate, but
the thermal power for hydrogen production decreases. Thus, the third configuration is most suitable
when the utilization of thermal energy from an energy conversion system is an electricity generation.

Referring to the simulation for the first configuration results showed that the highest increase in
thermal power for electricity generation will be achieved on the cooling mass flow rate 145 kg/s. In the
coolant mass flow rate 145 kg/s, the thermal power for electricity generation of the first configuration
is 71.66 MWt, the second configuration is 37.39 MWt and the third configuration is 69.24 MWt.
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In contrast to the thermal power used for electricity generation, the thermal power supplied from
the precooler for the desalination process continues to increase with the addition of the mass flow rate
of the coolant. This can be explained using the equation (3) that the addition of coolant mass flow rate
will increase the rate of heat transfer in the heat exchanger. Instead, the thermal power that is used for
the production of hydrogen which is transferred by IHX decreased with increasing mass flow rate of
the reactor coolant. The decline in the thermal power transferred by IHX caused by decreasing the
temperature of coolant out of the reactor. This is in accordance with equation (3) which indicates that
the thermal power transferred by the heat exchanger is proportional to the temperature difference.

From the results of these calculations, for the first configuration, the mass flow rate of reactor
coolant that can be considered is equal to 145 kg/s. With the mass flow rate of the reactor coolant 145
kg/s, the temperature of coolant out of the reactor 801 °C, thermal power transferred through to the
production of hydrogen gas IHX 47.02 MW, thermal power is transferred through the precooler for
desalination 81.35 MW and thermal power for 71.66 MW electricity generation.

The difference between the first configuration and the second configuration is the installation of
flow divider (flow divider) on the side of the coolant channel out of the reactor and installation of the
compressor in the cooling channel out of IHX. Installation of the compressor is intended to enable the
corresponding flow as regulated by flow divider. This is required to drive the compressor power from
outside the system, so the power is going into the system is thermal power reactors and propulsion
power compressor number 9 in Figure 2. The amount of power driving the compressor is varied
equivalent to the mass flow rate of coolant flowing through IHX expected. In this simulation of the
driving force equivalent to 3.07 MWt compressor for a reactor coolant mass flow rate of 100 kg/s and
is equivalent to 6.27 MWt for a reactor coolant mass flow rate of 200 kg/s.

As in the previous simulation, the simulation for the second configuration is also done with a
variant of the mass flow rate of the coolant of 100 kg/s up to 200 kg/s. The simulation of thermal
power reactors and reactor coolant pressure out of the same set, the reactor power of 200 MWt and the
pressure remains at 5.0 MPa. The power distribution of the second configuration of energy conversion
system RGTT200K by using CHEMCAD shown in Figure 5 and the power distribution of the third
configuration shown in Figure 6.

Figure 7, Figure 8, and Figure 9 show a comparison of the performance of the three
configurations of energy conversion systems for electricity generation, hydrogen production, and
desalination process. For the first configuration is shown good performance for the generation of
electricity, especially in the coolant mass flow rate of 145 kg/s, which amounted to 71.66 MWt. In the
third configuration, although the thermal power for electricity generation increased by the addition of
the coolant mass flow rate, the thermal power for the production of hydrogen gas and for the
desalination process is lower.
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In this conceptual design, there are three units of utilization, namely: for the production of
hydrogen gas, for electricity generation and for seawater desalination process. EUF for electricity
generation is a multiplication of thermal power for electricity generation with the electrical generator
efficiency divided by the reactor thermal power. Thermal power for electricity generation represents
the difference between the thermal expansion power turbine and thermal power for the compression in
the compressor. In the simulation calculations, the efficiency of the electric generator is assumed to
98.66% [21]. The results of these simulations, the value thermal efficiency and EUF is shown in Figure
10 and Figure 11.

EUF value for the production of hydrogen gas is the quotient of the thermal power transferred
by IHX the reactor thermal power multiplied by the maximum efficiency for the production of
hydrogen gas. The maximum efficiency that can be generated by a hydrogen gas production plant with
steam methane reforming method is 65% [22]. Because of thermal power for the production of
hydrogen gas that is transferred by IHX decreased due to the addition of the reactor coolant mass flow
rate, the EUF for hydrogen gas production also decreased. This can be seen in Figure 11 that the
increase in reactor coolant mass flow rate will result in a decrease EUF for the production of hydrogen
gas. In the mass flow rate of the reactor coolant 145 kg/s, the value EUF for the production of
hydrogen gas of each configuration are 12.22%, 12.90%, and 14.61%.

Seawater desalination process utilizing waste heat from the precooler is installed at the
compressor inlet. The desalination process used for Low-Temperature method Multi-Effect
Evaporation (LT-MEE) that can operate at a relatively low temperature of 70 °C [23]. With the LT-
MEE method, the seawater desalination process efficiency is 81.3% [23]. In the same way, as in the
EUF calculations for the production of hydrogen gas, then the value EUF for seawater desalination
process is the quotient of the thermal power transferred by the precooler reactor thermal power
multiplied by the efficiency of the desalination process. Because the thermal power transferred by the
precooler increases, the value of EUF for desalination has also increased. In the reactor coolant mass
flow rate 145 kg/s, EUF value for seawater desalination of each configuration is 33.06%, 36.84%, and
11.05%.

EUF value is the result of a total of EUF value for each utilization of thermal energy. From
Figure 11 shows that the total value EUF tends to rise with the increase in the mass flow rate of the
reactor coolant through EUF value for hydrogen gas production declines. This is understandable
because EUF value for power generation and desalination tends to rise with the increase in the mass
flow rate of coolant. EUF value for electricity generation will be maximum in the reactor coolant mass
flow rate of 145 kg/s. Assuming that the energy conversion systems are operated cogeneration
RGTT200K coolant mass flow rate of 145 kg/s, then the values obtained EUF total of 80.63%. In other
words amounted to 80.63% of the thermal energy generated by the reactor can be used, or 19.37% of
thermal energy is wasted to the environment.
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Thermal efficiency is the amount of thermal energy that can be used for electricity generation
divided by the thermal power generated by the reactor. Thermal power for electricity generation
represents the difference between the thermal power generated by the turbine and thermal power
required by the compressor. Graph thermal efficiency for electricity generation as a function of the
mass flow rate of the reactor coolant is shown in Figure 10. From Figure 10 indicated that the thermal
efficiency for electricity generation increases with increasing mass flow rate of the reactor coolant and
declined after reaching the thermal efficiency of 35.82%. The highest thermal efficiency achieved in
mass flow rate of the reactor coolant 145 kg/s. Comparison of the performance parameters from the
three configuration design of energy conversion system RGTT200K shown in Table 2. As shown in
Table 2, the highest thermal efficiency is 35.82% that can be produced from the first configuration.
The highest value of EUF is also produced from the first configuration, that is 80.63%. Thus, the first
configuration be the best alternative for the design of cogeneration energy conversion systems Brayton
cycle.

Table 2. Comparison of the performance parameters of the three configuration models.

Qe QdES thd n EUF

(MWt) (MWt) (MWt) (%) (%)

1™ configuration 71.66 81.35 47.02 35.82 80.63
2" configuration 37.39 90.66 49.63 18.69 68.17
3" configuration 69.24 27.21 27.21 34.59 59.79

CONCLUSION

Three model configuration models of helium Brayton cycle for design energy conversion
system RGTT200K have been investigated in order to maximize the thermal efficiency and the energy
utilization factor. The first constraint determines the higher reactor coolant mass flow rate that the
energy conversion system could supply the thermal energy at the temperature more than 800 °C to the
hydrogen gas production. The simulation result shows that the first, second and third configuration
models give the temperature of thermal energy more than 800 °C each at the reactor coolant mass flow
rate of 145 kg/s. By comparing the performance parameter in the three configurations of Brayton cycle
for RGTT200K cogeneration energy conversion systems, has to be found that the energy conversion
system with a first configuration has the highest thermal efficiency and energy utilization factor (EUF).
Thermal efficiency and energy utilization factor for the first configuration of the reactor coolant mass
flow rate of 145 kg/s is 35.82% and 80.63%.
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