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Abstract: Hydrogen energy as a kind of clean energy has been widely studied in the world. It is very
promising to use nuclear energy to produce hydrogen for realizing the sustainable hybrid energy system.
In this paper, a new type of hydrogen production plant based on modular high temperature gas-cooled re-
actor (MHTGR), copper-chlorine (Cu-Cl) cycle and high temperature electrolysis (HTE) is proposed and
the scheme feasibility is verified by the software in MATLAB/Simulink platform. The result shown that
the plant can product hydrogen of 25.6t/h at full power operation and its transient characteristics is in ac-

cordance with the physical mechanism.
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1. INTRODUCTION

With the development strategy of sustainable clean energy,
hydrogen energy, as a promising energy, has been widely
studied in the world. It is an important direction of energy
development in the future to combine hydrogen energy with
nuclear energy to form a sustainable and environment-
friendly hybrid energy system. Copper-chlorine (Cu-Cl) cy-
cle, which only needs thermal and electric energy to convert
water (H,O) into hydrogen (H,) and oxygen (O>), is one of
the most popular hydrogen production schemes with high
efficacy over the world. Nowadays, several universities and
research institutions in the world, such as University of On-
tario Institute of Technology and Argonne National Labora-
tory (ANL), have carried out a series of studies on the com-
bination of nuclear and Cu-Cl cycle to realize hydrogen pro-
duction, in which the most studied is using supercritical water
reactor (SCWR) to provide the required heat for Cu-Cl cycle
(Maan et al., 2017, Naterer et al., 2010). Other researchers
also have proposed that sodium-cooled fast reactor (SFR) is
also an ideal heat source for Cu-Cl cycle (Yildiz et al., 2006).
The utilization of SCWR and SCR for Cu-Cl cycle shows
that the fourth generation of advanced nuclear energy system
has the possibility of realizing nuclear hydrogen production
with Cu-Cl cycle to some extent.

The nuclear steam supply system (NSSS) based on the modu-
lar high temperature gas-cooled reactor (MHTGR), which is
developed by the Institute of Nuclear and New Energy Tech-
nology (INET) of Tsinghua University (Zhang et al., 2016,
Dong et al., 2018), can also provide high quality steam of
nearly 600°C, and has potential to match with Cu-Cl cycle.
However, the feedwater temperature of the SCWR is much
higher than that of the MHTGR, which is because that the
coolant of the MHTGR is helium, and the temperature differ-
ence between the feedwater and steam needs to be increased
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so that the heat exchange efficiency can be improved. There-
fore, direct combination of MHTGR and Cu-Cl cycle to pro-
duce hydrogen will make the steam after utilization still have
a better quality. So, it is better to continually use these steam
for high temperature electrolysis (HTE) hydrogen production
and heating feedwater, from which the utilization efficiency
of steam is improved as much as possible.

In this paper, a dynamic modelling of hydrogen production
plant based on MHTGR, Cu-Cl cycle and HTE is given and
both steady state and transient state are verified by numerical
simulation based on MATLAB/Simulink platform.

2. SYSTEM DESCRIPTION

Fig. 1 shows the schematic diagram of a hydrogen production
plant based on MHTGR, Cu-Cl cycle, and HTE, from which
it can be seen that the plant is divided into nuclear island and
conventional island two parts. Nuclear island consists of n
modules NSSS based on MHTGR as well as once through
steam generator (OTSG) and conventional island is com-
posed of feedwater heating system, Cu-Cl cycle and HTE.
The coolant helium flows from bottom to top in the reactor
and carries out the heat generated by the fuel elements. Then
helium flows through the primary side of OTSG, and after
heating the feedwater of secondary side to the superheated
steam, the helium flows back to the bottom of the core and
forms natural circulation. The superheated steam generated
by multiple NSSS modules are combined together before
entering conventional island and the main steam directly
flows into the Cu-ClI cycle hydrogen production process. In
the Cu-Cl cycle, the steam heats the hydrolysis and decompo-
sition reactors to provide required temperature. Then part of
steam form Cu-Cl cycle is extracted into feedwater heater and
the other part is continually delivered into HTE process for
preheating the reactant H,O. The exhausted steam from HTE
and water from feedwater heater are fed into condenser
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Fig. 1. Simplified diagram of hydrogen production plant based on MHTGR.

together. After the condensed water is pressured by feedwater
pump and reheated by feedwater heater, it is redistributed
into each NSSS module by feedwater valve.

Moreover, the details of Cu-Cl cycle and HTE processes are
described as follows. Cu-Cl cycle includes three chemical
reactions, namely hydrolysis, decomposition and electrolysis.
Prat of the live steam into Cu-ClI cycle is used to heat the
hydrolysis reactor to around 400°C. In the hydrolysis reactor,
H,0 and CuCl; react and form HCI as well as Cu,OCl,. The
mixed product is then separated, and Cu,OClL is delivered
into decomposition reactor for the next reaction, where the
rest of live steam provide higher required temperature of 500
to 540°C. Cu,OCl; solid decomposes to CuCl and O,. The
high-temperature products of hydrolysis and decomposition
reactions are used to heat the reactants of electrolysis reaction,
then the cooled HCI and CuCl enter the electrolyzer, trans-
form to H, and CuCl, under the action of external voltage.
The key process of HTE is that the H,O decomposes into Ha
and O under the external voltage and high temperature. H,O
is first heated by the steam from Cu-Cl cycle and high tem-
perature products of HTE, then further heated by electric
heater to the required 800°C, and is delivered into electrolyz-
er for hydrogen production.

3. DYNAMIC MODELLING

In this section, the lumped parameter models of nuclear is-
land and conventional island are both proposed. All these
models are based on the conversation laws of mass, energy
and momentum. The NSSS modules and feedwater heating
system have been given by Dong (2018), and not listed con-
cretely in this paper.

3.1 Fluid Flow Network

The secondary side of OTSGs and primary side of various
kinds heaters in Cu-Cl cycle, HTE as well as feedwater heater
system are connected by pipes, which is essentially a com-
plex fluid flow network (FFN). Fig. 2 shows the FFN topolo-
gy of hydrogen production plant in Fig.1.
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Fig. 2 Topology of plant secondary loop FFN.

As shown in the Fig. 2, select solid line branches as trees and
dotted line branches as links. According to the result pro-
posed by Dong (2016), the fluid network model can be ex-
pressed as

Q = Kc (_QCZDRC - Rfegl‘ceQFch + E(—)rcHa + e;r)chd)’
T

(Eo.K Eg +K,)

EQcKc (QCZDRC + Rfe(T)fclech - e(Tgchd )’

where  Q=[Q,....01]", Q=[0,...,05]", Q:=[0s.....01]",
K=diag([K,,.K12]), K~=[Ki,...Ks]",  Ka=[Ko,...Ki2]",

R=[Ri,..,Rs]",  Ra=[Ro,....R2]", H.=[Ho,...H:]", Q%
=diag([Q1|01],....0s|0s]]),  Q, =diag([Oo|Qsl,...,012|012]]),

H, =KQ,R, + (D
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0;, Ki, R; and H; is repetitively the flowrate, resistance, pres-
sure drop and inertia coefficient of branch i. Hy is the pres-
sure head by the pump, R is the resistance coefficient of
pump branch. Eq. and eqr. are the matrixes described FFN
topology. For the FNN shown in the Fig. 2, it can be obtained
that

00 -1 -1 -1 -1 -1 -1
1 0 -1 -1 -1 -1 -1 -1
EQC = B
00 -1 =1 =1 -1 -1 -1 )
o1 -1 -1 -1 -1 -1 -1

e=[0 0 1 1 1 11 1].

3.2 Cu-ClI Cycle

3.2.1 Hydrolysis

Regarding hydrolysis reactor as a type of heat exchanger.
Ignoring the mass and specific heat of the reactor, the thermal
dynamic equation of the primary side is
Vitst PriseCrie THp = Gt (hygpin — hirpou) — KuAuATy, (3)
where Vus, pusi, Cust and Grg are respectively the volume,
density, specific heat and mass flowrate of steam of the pri-
mary side, Typ is the primary average temperature, App,in and
hup,out are the specific enthalpy of the steam at inlet and outlet
of the primary side, Ky and Ay are the heat transfer coeffi-
cient and area, ATy is the average temperature difference,
which can be computed by
 (Tapow = T )~ (Tigin — Trson)
ln(THp,oul = Thusiin ) / (THp,in = This our ) ’

where Thp,in, THp,out, THs,in and Thsou are respectively the inlet
and the outlet steam temperature at the primary side and sec-
ondary side. The dynamic of secondary side are as follows.

M, .
[Z N, iCi ] THs = GCu(:lZ ,inCCuCI2 Jin (T(:ucl2 Jn T THsin())

ATy

“

+GHZO,inCHzO,in (TH;O,in - THsinO ) - GH:O,outCHzO,uut (THZO,uut - THsuutO ) (5)
_GHCl.outCHCI,out (THCl,out - THsoutO ) + KHAHATH - AHHZOVHZO s

where M, is a collection of materials CuCl,, HO, HCI and
Cuw,OCL. N, C, G and T are respectively the amount of sub-
stance, specific enthalpy, mass flow and temperature of cor-
responding material. The subscript in and out represent the
inlet and outlet. Ty is the average temperature of secondary
side, Tsino and Thasouo represent the rated inlet and the outlet
temperature of the secondary side. AHmo is the heat absorp-
tion by 1mol H>O, vuo is the H>O reaction rate. During the
hydrolysis reaction, an excess of H,O is required to suppress
other competing reactions. Therefore, the gas in the reactor is
the mixture of H,O and HCI, so do the outlet. The dynamic
equation of various materials in the hydrolysis reactor are

N0 = G0 = Vio — Gi,o0u>

Nuci = vuar = Gucrons (6)
Newar, = Geucty in = Veuas, s
NCugOClg = vCuzO(Tlg - GCugOClg,in9
where v is the reaction rate of corresponding materials. Ac-
cording to the Arrhenius theorem and chemical equation, the
rate of H,O can be expressed as

Vo =Ky GXP[—EH /(RTHs,out):Isz() /szicl, (7
where pm2o and puci are respectively the partial pressure of
H,O and HCI, Ey is the activation energy of hydrolysis reac-
tion, R is ideal gas constant, ky is the standard reaction rate
coefficient. The partial pressure of HCI can be expressed as

Pra = NuaRTis / Vi, 3
where Vy is the volume of hydrolysis reactor. And the partial
pressure of H»O is calculated by

Puyo = Bys I:THsaV; / (MHZONHZO ):I, (9)
where Pws is given by IAPWS-IF97 database for water/steam

thermodynamic parameters. Muzo is molecular weight of
H2O.

3.2.2 Decomposition

The thermal dynamic of decomposition is similar with hy-
drolysis
VDslstlCDmT Dp — Gpy (th,in - th,oul) - KpApATy,
M, .
NiCi Ts:Guz zcua 2 Tm ain_Tsin
[Z ] D: Cu,0Cl Cu,0Cl ( Cu,0Cl,, D O) (10)
_GCuClCCuCI (TCuCl,out - TDsoutO) - GO: CO; (Toz,om - THsoulO)
+KpApATy — AH cu,001, Veusocr, »
where M, is material collection of Cu,OCl,, CuCl and O,
AHcwocn s heat absorption by 1mol Cu,OCl,, the mixture in

secondary side are CuOCl,, CuCl and O, according to con-
servation of mass, each reactant and resultant satisfies

NCuzOClz = —Vewoch + Gewocn ins
NCuCl =vewat — Geucrout (1 1)
No, =vo, = Go, ou-
The reaction rate of Cu,OCl; can be expressed as
Vewocr, =kp exp[—Ep / (RTix)]/ pos » (12)

where kp is the standard reaction rate coefficient of decompo-
sition, Ep is the activation energy of decomposition, and po»
can be computed by ideal gas equation.

3.2.3 Electrolysis

The thermal dynamic of electrolysis can be ignored since the
reaction can be carried out under normal temperature. The
dynamic equation of various materials in electrolyzer are
Newen, = Veuat, — Geucts out»
Neuwar = Geerin = Veuar,

(13)

NHZ =VH, _GHz,out,
Nua = Gncl,in — VHcl.
Considering that the electrolysis reaction is carried out in a

solution, and each reactant and product affect the reaction
rate. Therefore, the reaction rate of H» can be expressed as

Ee -1 -05
iy = kEeiﬁ [ NuaNcual ][ Neuer, j Ph , ( 14)
NrucroNcucro J\ Newen o PHa 0

where kg is the standard reaction rate coefficient, Ex is elec-
trolysis reaction activation energy, 7gs is the reaction temper-
ature. Nucro, Nucio, and Nucio are respectively the amount of
substance for each material under rated operation state, pu2,0
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is the rated reaction pressure, and pu is the actual reaction
pressure calculated from the ideal gas equation.

Electrolysis reaction also needs external voltage U. Accord-
ing to Faraday's law, the current and reaction rate during
electrolysis satisfy the following relationship

I =nFvy,, (15)
where n is the number of electrons transferred by redox reac-
tion when form 1mol of H». F is Faraday constant. Therefore,
the electric power consumed by electrolysis is

W.=UI. (16)

3.2.4 Heat exchanger

The primary side of the heat exchanger is high temperature
H,0, HCl, CuCl and O,, and the secondary side is CuCl, so-
lution composed of CuCl, and H,O, neglecting the dynamic
of primary side, the dynamic model of heat exchanger is

NSEH sEH Y;EH = QEH + GSEH (hsEH,in - hsEHpul)y

I (17)
Opn = ZG:' (hi,pEHin - i,pEHout)>

where Ngn and G are the total substance amount and
flowrate of secondary, EsEH is the average specific heat,
l’_lSEH’in and EEHM are respectively the average specific enthal-
py of secondary side inlet and outlet. Ogy is the transferred
heat from primary side to secondary side, My is the substance
collection of H,O, HCI, CuCl and O, Aipenin and Ajpetou are
the specific enthalpy of corresponding material at primary
side inlet and outlet.

3.3 High Temperature Electrolysis

3.3.1 Solid oxide electrolyser

It is simplified to only consider the reduction reaction occur-
ring at the cathode, and further considered that the reaction
temperature of the electrolyser is constant. So, it can be ob-
tained the dynamic of electrolyser according to the mass con-
servation equation for reactants and resultants in cathode

{NH;O = Git,0n = V1,0 — Git,0,0u»

NHZ =V, — GHz.outa

(18)

It is considered that the cathode reaction rate is only related
to the partial pressure of H,O and H». According to the Ar-
rhenius theorem and the chemical reaction equation, the reac-
tion rate expression can be obtained as

V0 = Vi, = Kurro exp[_EHTE /(RTHTE ):'sz() ! P, (19)
where kurro 1s standard reaction rate coefficient of high tem-

perature electrolysis, EnTE iS reaction activation energy, Ture
is reaction temperature.

3.3.2 Heat exchanger

The secondary side of both heat exchangers are H,O, the
primary side of 1#heat exchanger is steam form Cu-Cl cycle
while that of 2#heat exchanger is high temperature mixture of

reactant and resultant from electrolysis. The dynamic equa-
tions of both heat exchangers are respectively

V;tlpslleHTHE]p = sll(hHElp.in _hHElp,oul)_KHEIAHEIATHEIJ (20)
VlI;OlpII;OlCIIEOIT;IEIs = GU;O(hI]Els,in = hgisow) + Kue1 Aue1 AThgr
and
— — — . Mure
V ue2p PHE2p CHEZPTHEZp = Z G (hi,in - hmut) = Kup2 Ane Ao » (2 1)

VH;OZpHgOZCHzOZTHEZS = GHzO(hHEZS,in - hHEZs.out) + KHEZAHEZATHEZs
where Ve, Py, and Cuep are the average volume, density

and specific heat of the mixed materials at primary side, Mute
is the material collection of H>O, H, and O, G, A;in and /i out
are the flowrate, inlet and outlet specific heat of correspond-
ing material.

3.43.3 Electric heater

The electric heater can be considered as a special form of
heat exchanger that is powered by electrical energy to heat
the material on the secondary side. Therefore, ignoring pri-
mary side dynamics, the model of the electric heater can be
simplified as

VH203pH203CHzO3TEHs = GH:O (hEHs,in - hEHs,out) + Wa (22)
where W is the electric power consumed by electric power.

4. SIMULATION AND ANALYSIS

In this section, the steady-state operation points and transient
characteristics are given by the numerical simulation software
based on MATLAB/Simulink platform, which consists of 6
NSSS modules, Cu-Cl cycle module and HTE module.

4.1 Steady State Points
In plant full power operation, each NSSS modules operate at
100%FPL, and the total hydrogen production is 25.6t/h. Spe-

cific key process parameters are shown in Table 1.

Table 1. Steady-state values of plant key process variables

Parameter | Value | Unit
Plant

Thermal power 1522.7 MW
Hydrogen production 25.6 t/h
Electricity consumption 745.7 MW
Main steam temperature 600 °C
Feedwater temperature 205 °C
Hydrogen process

Hydrogen production 6.46 t/h
Hydrolysis temperature 400 °C
Hydrolysis pressure 0.1 MPa
Decomposition temperature 500 °C
Decomposition pressure 0.1 MPa
Electrolysis pressure 2.5 MPa
HTE temperature 800 °C
HTE pressure 0.13 MPa
Discharge temperature 80 °C

In the hydrogen production plant, the Cu-Cl cycle mainly
consumes thermal energy while HTE process consumes elec-
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tric energy, therefore, it mainly focuses on the efficiency of
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Fig. 3 Dynamic responses of hydrogen production plant in case of step decrease of hydrolysis adjust valve opening.
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Fig. 4 Dynamic responses of hydrogen production plant in case of step increase of NSSS feedwater valve opening.

(Farrukh et al., 2018, Wu et al., 2017), the efficiency of dif-
ferent kinds of Cu—Cl cycle for nuclear-based hydrogen pro-
duction are about from 32% to 55%. In this paper, Cu-Cl
cycle efficiency is about 43.6%, which is at the same level as
most of the current studies, and further proves the feasibility
and correctness of the scheme proposed in this paper.

4.2 Transient State

The transient characteristics are given in open-loop. The ini-
tial operation condition is as shown in the section 4.1 and
Table 1.

4.2.1 Step decrease of hydrolysis adjust valve opening

At 25000s, the hydrolysis adjust valve opening steps down so
that the steam flowrate at the primary side of the hydrolysis
reaction decreases with amplitude about 4 kg/s., and the tem-
perature and pressure of the hydrolysis reaction decreased
accordingly. The reduction of the hydrolysis steam flowrate
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increases that of the decomposition, and the corresponding
reaction temperature and pressure increase. The decrease of
valve opening results in the increase of equivalent flow re-
sistance of fluid network and the total feedwater and steam
flowrate decrease. Therefore, the feedwater flowrate of each
NSSS module, the extraction steam flowrate of feedwater
heater and the primary side steam flowrate of 1#heat ex-
changer in HTE are also reduced. Accordingly, the secondary
side outlet and reaction temperature of each heat exchanger
and solid oxide electrolyser in HTE firstly decreased. As the
pressure head of the feedwater pump remains unchanged, the
pressure drops of the pump branch and the OTSG secondary
side branch decreases, and result in the main steam pressure
increase. The decrease of NSSS module feedwater flowrate
enhances the thermal resistance on both sides of OTSG,
which leads to the temperature increase of helium at inlet and
outlet. Due to the negative feedback of core temperature, the
reactor neutron flux decrease. Because the thermal power of
the reactor is stable, the decrease of feedwater flowrate
makes the steam temperature rise. Furthermore, the steam
temperature at the outlet of Cu-Cl cycle increases, so the sec-
ondary side outlet temperature of each heat exchanger and
solid oxide electrolyser temperature in HTE then increases,
and the hydrogen production and electric power consumed
also decreases firstly and then increases. Due to the decrease
of feedwater flowrate and the increase of extraction tempera-
ture, the feedwater temperature also increases.

4.2.2 Step increase of NSSS feedwater valve opening

At 25000s, the feedwater valve opening of steps up so that
the feedwater flowrate increases with amplitude about 7 kg/s,
which weaken the thermal resistance of both sides of OTSG,
resulting in the decrease of helium temperature and the in-
crease of reactor neutron flux. Due to that the reactor thermal
power unchanged, the steam temperature of 1#NSSS module
decreases. With the increasing opening of 1#NSSS feedwater
valve, the flow resistance between the main steam and feed-
water pump outlets decreases rapidly. Since the pressure head
of the feedwater pump and the opening of the main steam
regulating valve do not change, the main steam pressure in-
creases, and the feedwater flowrate of the other NSSS mod-
ules decreases, so the corresponding dynamic characteristics
of helium temperature, steam temperature and neutron flux
are opposite to those of 1#NSSS. As other modules are less
affected by 1#NSSS, the main steam flowrate increases and
the temperature decreases, so the temperature and pressure of
hydrolysis and decomposition reaction decrease, and the
steam temperature at the outlet of Cu-Cl cycle decrease,
which further makes the feedwater temperature and all heat
exchangers of HTE and the reaction temperature drop, so the
corresponding hydrogen production and electric power con-
sumption also decrease.

5. CONCLUSION

In this paper, a lumped-parameter dynamic model of hydro-
gen production plant is proposed based on conservation laws
of mass, energy and momentum, which is composed of
MHTGR, Cu-Cl cycle, HTE and FFN. The plant model is

programmed on MATLAB/Simulink as a numerical software
and both steady and transient state validations are carried out,
which shows the plant can product hydrogen of 25.6t/h and
verifies the correctness and feasibility of model. It lays a
foundation for the further work of the control system design.
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Appendix A. SYMBOL DESCRIPTION

n, Normalized nuclear power The | Helium temperature

Ty Steam temperature Py Main steam pressure

Tu Hydrolysis temperature Py | Hydrolysis pressure

b Decomposition temperature Pp | Decomposition pressure
Tipout | Discharge temperature T5s | HTE temperature

Ghy Hydrolysis steam flow G4 | Decomposition steam flow
Giph Extraction flow Gy | Steam flow heating HTE
Giw Feedwater flow Tt | Feedwater temperature
Wur | HTE electricity consumption | Gy | HTE hydrogen production
Tisou | 1#HE temperature T»s | 2#HE temperature
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