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a b s t r a c t

Electric boilers (EBs) are the backup steam source for the auxiliary steam system of high-temperature
gas-cooled reactor nuclear power plants. When the plant is in normal operations, the EB is always in
hot standby status. However, the current hot standby operation strategy has problems of slow response,
high power consumption, and long operation time. To solve these problems, this study focuses on the
optimization of hot standby operations for the EB system. First, mathematical models of an electrode
immersion EB and its accompanying deaerator were established. Then, a control simulation platform of
the EB system was developed in MATLAB/Simulink implementing the established mathematical models
and corresponding control systems. Finally, two optimization strategies for the EB hot standby operation
were proposed, followed by dynamic simulations of the EB system transient from hot standby to normal
operations. The results indicate that the proposed optimization strategies can significantly speed up the
transient response of the EB system from hot standby to normal operations and reduce the power
consumption in hot standby operations, improving the dynamic performance and economy of the
system.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

High-temperature gas-cooled reactors (HTGRs) are the reactors
that use gas as coolant and have the advantages of inherent safety,
high power generation efficiency, good economics, and versatility
[1e3], which are rated as one of the most promising Generation IV
reactors by the Generation IV International Forum [4]. Owing to the
high outlet coolant temperature of HTGRs (750�Ce900 �C), they
have the prospect of comprehensive applications, such as hydrogen
production from nuclear energy and nuclear energy for heating.
Therefore, HTGRs have important research significance and appli-
cation prospects for reducing carbon emissions and achieving car-
bon peaking and carbon neutrality goals. Currently, many countries
around theworld are interested in the research and development of
HTGRs and have made significant efforts [5e8].

The High Temperature Reactor-Pebble bed Module (HTR-PM)
[9,10] is a Generation IV reactor technology developed
g).

by Elsevier Korea LLC. This is an
independently by China. The Shidao Bay nuclear power plant (NPP)
demonstration project using HTR-PM technology was first con-
nected to the grid on December 20, 2021. In the absence of supply
conditions for turbine steam extraction, the HTR-PM NPP requires
an auxiliary boiler to provide heating steam which enters the
deaerator to heat the feedwater andmeet the required temperature
of the steam generator feedwater. During the start-up and shut-
down phases of the HTR-PM NPP, the auxiliary boiler provides
qualified steam to the user of the auxiliary steam system, who will
depressurize the steam for further use.

The auxiliary boiler used for auxiliary steam supply in NPPs can
be the coal-fired, oil-fired, and electric boilers. In actual engineer-
ing practice, the auxiliary boiler should be selected according to the
operating characteristics and requirements of the target NPP.
Compared with conventional pressurized water reactor (PWR)
NPPs, HTGR NPPs have the following characteristics. On the one
hand, there is a fundamental difference in steam parameters be-
tween HTGR and PWR NPPs. The turbine inlet steam of PWR plants
is saturated steam, and the required steam temperature for the
turbine shaft seal system is low. Moreover, the large water volume
in the PWR steam generator can provide saturated steam for its
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Fig. 1. Schematic of the electrode immersion-type EB.
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turbine shaft seal system for a long time after the turbine trip, while
the turbine inlet steam of the HTGR NPP is superheated steam
(566 �C for HTR-PM NPP). Its turbine shaft seal system requires
steam with higher temperature (380 �C), and there is no reliable
standby steam source in the plant after the turbine trip. Therefore,
the auxiliary boiler that can provide qualified auxiliary steam is
highly demanded. Moreover, the auxiliary boiler needs to be star-
ted as soon as possible to avoid cold gas entering the turbine. On
the other hand, HTGR NPPs have higher feedwater quality re-
quirements than PWR NPPs. Compared with the conventional coal-
fired and oil-fired boilers, electric boilers (EBs) have many advan-
tages, such as fast start-shutdown speed, high control accuracy,
convenient operation and maintenance, high energy efficiency, low
carbon emission, and environmental protection. They have long
replaced the early coal-fired and oil-fired boilers in the design and
selection of backup steam sources for auxiliary steam systems in
NPPs. The electrode injection-type EBs are being replaced by the
electrode immersion-type EBs recently. Therefore, through the
comparison of different types of EBs and also considering the
higher feedwater and steam quality requirements, the electrode
immersion-type EB is chosen for the HTR-PM NPP.

Currently, there are many studies focusing on the mathematical
modeling, dynamic simulation, and control studies of various types
of NPPs under normal operating conditions [11e14], including the
HTR-PM NPP [15e17]. While few have been conducted on the
operation and control strategies of the auxiliary boiler systems
under special operating conditions such as test run, start-up, and
shutdown. Actually, during the engineering construction of the
HTR-PMNPP in China, some shortcomings in the operation strategy
of the current EB system have been identified, as illustrated below.
First, the EB system needs to run for a long time during the test run,
start-up, and shutdown operations of the HTR-PM NPP. Moreover,
the NPP needs auxiliary steam to heat the steam generator feed-
water after a sudden trip of the turbine. Therefore, the EB providing
auxiliary steam must be in hot standby operation even during
normal operations of the NPP. However, according to the current
hot standby operation strategy, the EB consumes considerable
electric power to compensate for its heat loss to the environment
and cannot provide qualified heating steam in a short period of
time. It takes a long time to change from the hot standby operation
to the normal operation, which poses a hidden risk for the safe
operation of the NPP. Therefore, the optimization of the EB hot
standby operation strategy is of great important for the safe and
economic operations of the HTR-PM NPP.

In viewof the above, this study proposed optimization strategies
for the EB hot standby operation to address the existing problems,
the feasibility and superiority of which were verified by simulation.
This remainder of paper is organized as follows. Section 2 presents
the mathematical modeling of the EB system compromising an
electrode immersion-type EB and a build-in thermal deaerator. The
operating characteristics and control systems of the EB system are
introduced in Section 3, followed by the illustration of proposed
optimization strategies in Section 4. Verification of these strategies
through numerical simulations are present in Section 5 with the
results discussed. Conclusions are drawn in Section 5.

2. Mathematical modeling of EB system

2.1. System description

The auxiliary steam during start-up and shutdown of the HTR-
PM NPP is provided by the auxiliary EB system. It is designed to
supply 35 t/h of steam with rated parameters of 1.25 MPa and
193.4 �C for auxiliary steam system and also provide 4 t/h steam
that is further heated by a superheater to 215e350 �C for the
2841
turbine shaft seal system. The EB system consists of a high-voltage
electrode immersion-type EB, a deaerator, a steam superheater, and
other auxiliary feedwater devices.

The EB adopts inner and outer cylinder structure, mainly
composed of the inner cylinder, outer cylinder, three-phase elec-
trode, circulation pump, and feedwater pump, as shown in Fig. 1.
The inner cylinder of the EB is the equipment for generating steam,
and the three-phase electrodes are submerged in the furnace water
with a certain electrical conductivity, which is used to generate
steam by heating the furnace water with voltage. The EB re-
plenishes the water in the inner cylinder through the circulation
pump, and the high conductivity water is discharged to the outer
cylinder through the inner cylinder drain valve. The inner cylinder
water level is controlled to regulate the EB power. The deviation of
the EB power from its setpoint value is used to adjust the circula-
tion pump of the inner cylinder to maintain its water level.

The deaerator of the HTR-PM EB system is a built-in thermal
deaerator which can supply a rated feedwater flow rate of 100 t/h
and amaximum feedwater flow rate of 200 t/h for the EB. The rated
operating pressure and temperature of the deaerator are 0.12 MPa
and 105 �C, respectively. The deaerator is mainly used to remove
waste gas (mainly oxygen) from the inlet feedwater and preheat the
feedwater to reduce the thermal stress in the feedwater pipes
connected with the EB. The deaerator removes the dissolved gas
from the inlet feedwater by atomizing it through a nozzle.

In summary, the EB system of the HTR-PMNPP has the following
main functions.

(1) It can provide qualified steam to the secondary loop auxiliary
steam header during the start-up and shutdown of the plant.

(2) It supplies heating steam to the turbine shaft seal system
during the start-up of the plant.

(3) When the plant is in normal operations, it is in hot standby
status.

(4) It provides reliable steam for the turbine shaft seal system
and auxiliary steam header when other steam sources
cannot meet the requirements.

(5) During load rejection transients of the plant, the heating
steam pumped to the secondary loop deaerator is
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interrupted. In this case, the EB system can start quickly to
supply heating steam to the deaerator to maintain the
feedwater temperature and reduce the thermal shock to the
steam generator.
2.2. EB model

The structure and operating principle of the EB in this study are
Vb1 ¼
� a
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schematically shown in Fig. 1. In themathematical modeling, the EB
can be physically structured into the inner cylinder water, outer
cylinder water, and steam regions. Thus, a non-equilibrium three-
region EB model can be developed based on basic conservation
laws of mass, energy, and volume.
2.2.1. Physical model
During transient processes, the steam in the EB steam region can

be superheated steam, saturated steam, or vapor-water mixture.
While the water in the water regions of the inner and outer cyl-
inders can be subcooled water, saturated water, or vapor-water
mixture. During transient operations, various thermal phenom-
ena may occur in the EB. The modeling processes of the thermal
phenomena are given as follows.
2.2.1.1. Bubble rising in the water region. During the transient
process of pressure decrease, the subcooledwater in the EB tends to
saturate.When the subcooledwater reaches saturation, bubbles are
generated in the inner and outer cylinder water regions and rise to
the steam region. The flow rate of bubbles escaping from the water
regions can be calculated by [18].

Wbe ¼
�
0 hl � hf
aLAVbubrg hf <hl <hg

(1)

where Wbe is the bulk evaporation flowrate, kg/s; A is the cross-
section area of the water region, m2; Vbub is the bubble rise veloc-
ity, m/s; rg is the saturated steam density, kg/m3; hl is water
enthalpy, kJ/kg; hf and hg are the enthalpies of saturated water and
steam, respectively, kJ/kg; aL is the void fraction in thewater region,
which can be calculated by

aL ¼
xLvg

xLvg þ ð1� xLÞvf
(2)
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xL ¼
hl � hf
hg � hf

(3)

here, xL denotes the vapor content in the water region of the EB.
The bubble rising velocity can be determined by the Wilson's

formula as [19].

Vbub¼maxðVb1;Vb2Þ (4)
where s is the surface tension of water, N/m; vf and vg are the
specific volumes of saturated water and steam, respectively, kJ/kg.

2.2.1.2. Rain-out in the steam region. During transient processes,
the condensate droplets in the steam region will fall to the water
regions when the superheated steam reaches saturation. The steam
condensation flow rate can be calculated by [18].

Wbc ¼
�
0 hv � hg
ð1� avÞArf Vd hf <hv <hg

(7)

where Vd is the liquid droplet velocity at the steam-water interface
which can be given as a constant, m/s; rf is the saturated water
density, kg/m3; hv is the steam enthalpy in the steam region, kJ/kg;
av is the void fraction of the steam region, which can be calculated
by

av ¼ xvvg
xvvg þ ð1� xvÞvf

(8)

xv ¼
hv � hf
hg � hf

(9)

here, xv denotes the steam quality in the EB.

2.2.1.3. Wall condensation. The condensation flowrate of steam on
the EB wall can be expressed as

Wcw¼ Qcw

hv � hf
(10)

where Wcw is the steam condensation flowrate on the wall, kg/s;
Qcw is the condensation heat transfer quantity, kW, which can be
calculated by

Qcw ¼KcwAcwðTv � TwÞ (11)

where Kcw is heat transfer coefficient between the steam and wall
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in the steam region, kW/(m2$K); Acw is heat transfer area between
the steam and wall in the steam region, m2; Tv is the steam tem-
perature, �C; Tw is the wall temperature, �C.

According to the Nusselt equation for membrane condensation
on vertical walls, the heat transfer coefficient between the steam
and wall can be expressed as [20].

Kcw¼1:13
�

gr2l3r
hðTv � TwÞLcw

	1=4
(12)

where Lcw is the height of thewall in the steam region, m; r, l, and h

are the density (kg/m3), thermal conductivity (W$m�1$K�1), and
dynamic viscosity (N$s$m�2) of the condensatewater on thewall in
the steam region, respectively; r is the latent heat of vaporization of
the steam in the steam region, kJ/kg.

2.2.1.4. Interface mass transfer. The net rate of condensation at the
interface between the steam and water regions of the EB can be
calculated by [18].

Wce ¼ f
Affiffiffiffiffiffiffiffiffiffiffiffiffi
2pRTl

p ðP� P*Þ (13)

where f is an empirical constant; R is the Boltzmann's constant; Tl is
the liquid temperature in the inner or outer cylinder of the EB, �C;
P* is the saturation pressure corresponding to Tl, MPa.

2.2.1.5. Electrical conductivity. The relationship between the elec-
trical conductivity and temperature of the liquid in the EB can be
given as

s¼ s0 þ aTl (14)

where s is the electrical conductivity,U�1$m�1; a is a coefficient; s0
is the electrical conductivity when Tl ¼ 18 �C, U�1$m�1.

2.2.2. Mathematical model
In this study, a dynamic mathematical model of the EB is

developed based on the conservation laws of mass, energy, and
volume.

The mass and energy conservation equations for the inner cyl-
inder water region of the EB can be, respectively, given as

dMbli

dt
¼Wbli;fwi þ bWbs;bc þWbli;ce �Wbli;dwo �Wbli;be (15)

dðMblihbli � PbVbliÞ
dt

¼Wbli;fwihblo þ


bWbs;bc þWbli;ce

�
hb;f

�Wbli;dwohbli �Wbli;behb;g
(16)

whereMbli is the water mass in the inner cylinder, kg;Wbli;fwi is the
circulating water flow rate from the inner cylinder to the outer
cylinder, which is the flow rate of the circulation pump, kg/s;Wbs;bc
is the bulk condensation (rain-out) flowrate in the steam region, kg/
s; b is the fraction of bulk condensate water falling into the inner
cylinder water region, which can be determined approximated by
the ratio of the inner cylinder cross-sectional area to the outer
cylinder cross-sectional area; Wbli;ce is the net rate of condensation
flow rate at the interface between the steam and inner cylinder
water regions, kg/s;Wbli;dwo is the drainwater flow rate of the inner
cylinder, kg/s; Wbli;be is the bulk evaporation (bubble rising) flow
rate in the inner cylinder water region, kg/s; hbli and hblo are the
specific enthalpies of water in the inner and outer cylinders,
respectively, kJ/kg; hb;f and hb;g are the enthalpies of saturated
water and steam in the EB, respectively, kJ/kg; Pb is the EB pressure,
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MPa; Vbli is the volume of the inner cylinder water region, m3.
The mass and energy conservation equations in the outer cyl-

inder of the EB can be, respectively, given as

dMblo
dt

¼Wblo;fwi þWbli;dwoþð1�bÞWbs;bc þWblo;ce þWbs;wc

�Wblo;dwo�Wbli;fwi �Wblo;be

(17)

dðMblohblo � PbVbloÞ
dt

¼Wblo;fwihblo;fwi þWbli;dwohbli

þ �ð1� bÞWbs;bc þWblo;ce þWbs;wc

hb;f

�Wblo;dwohblo �
�
Wbli;fwi þWblo;be

�
hb;g

(18)

whereMblo is thewater mass in the outer cylinder, kg;Wblo;fwi is the
feedwater flow rate of the EB, which comes from the deaerator, kg/
s; Wblo;sc is the net rate of condensation flow rate at the interface
between the steam and outer cylinder water regions, kg/s;Wbs;wc is
the steam condensation flow rate on the wall, kg/s; Wblo;dwo is the
drain water flow rate of the outer cylinder, kg/s; Wblo;be is the bulk
evaporation (bubble rising) flow rate in the outer cylinder water
region, kg/s; Vblo is the volume of the outer cylinder water region,
m3; hblo;fwi is the specific enthalpy of the EB inlet feedwater, kJ/kg.

The mass and energy conservation equations for the steam re-
gion of the EB can be, respectively, given as

dMbs

dt
¼Wbli;be þWblo;be �Wbs;bc �Wbli;ce �Wblo;ce �Wbs;wc

�Wb;so

(19)

dðMbshbs � PbVbsÞ
dt

¼ 
Wbl;be þWblo;be
�
hb;g

� 
Wbs;bc þWbli;ce þWblo;ce þWbs;wc
�
hb;f

�Wb;sohbs
(20)

where Mbs is the mass of steam in the EB, kg; Wb;so is the outlet
steam flow rate of the EB, kg/s; hbs is the specific enthalpy of steam
in the EB, kJ/kg; Vbs is the volume of the steam region, m3.

The volume conservation equation of the EB can be expressed as

dVb

dt
¼dðMbsvbs þMblivbli þMblovbloÞ

dt
¼0 (21)

where Vb is the total volume of the EB, m3; vbs, vli, and vlo are the
specific volumes of the steam or water in the steam, inner cylinder
water, and outer cylinder water regions of the EB, respectively, m3/
kg.

The mass and energy differential terms in Eqs. (15)-(20) can be
expanded, respectively, as

dM
dt

¼ dðrVÞ
dt

¼ r
dV
dt

þV
dr
dt

¼ r
dV
dt

þ V
�
vr

vh
dh
dt

þ vr

vP
dP
dt

�
(22)

dðMh� PVÞ
dt

¼h
dM
dt

þM
dh
dt

�103V
dP
dt

� 103P
dV
dt

(23)

Substitution of Eqs. (22) and (23) into Eqs. (15)-(20) yields
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rbli
dVbli

dt
þ Vbli

�
vrbli
vhbli

dhbli
dt

þ vrbli
vPb

dPb
dt

�
¼ Wbli fwi þ bWbs;bc þWbli;ce �Wbli;dwo �Wbli be

�103Pb
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� 103Vbli
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�
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vPb
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�
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�103Pb
dVblo
dt

þMblo
dhblo
dt

� 103Vblo
dPb
dt

¼ Wblo;fwihblo;fwi þWbli;dwohbli þ
�ð1� bÞWbs;bc þWblo;ce þWbs;wc


hb;f �Wblo;dwohblo;dwo �

�
Wbli;fwi þWblo;be

�
hb;g

�
h
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�
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dt
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dt
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þ Vbs
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dt

þ vrbs
vPb

dPb
dt
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�
hb;f �Wb;sohbs

�
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�
hv

(24)
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where rbs, rbli, and rblo are the densities of steam or water in the
steam, inner cylinder water, and outer cylinder water regions,
respectively, kg/m3.
2.3. Deaerator model

The deaerator is an important equipment in the EB system,
which is a hybrid heat exchanger. It plays an important role in
removing oxygen from the feed water of the EB and preventing
corrosion of heat pipes. At the same time, it is also an important
water storage vessel, and its level adjustment capability ensures a
stable flow of feedwater into the EB. The deaerator in this study is a
built-in thermal deaerator, in which the incoming heating steam
heats the feedwater of the EB to make its temperature close to the
saturation temperature and remove oxygen. The deaerator is
mainly composed of a deaerating head and a water tank, as shown
in Fig. 2.

Based on the structure and operating characteristics of the
deaerator, this study establishes a dynamic mathematical model of
the deaerator based on the conservations of mass, energy, and
volume.

The energy conservation equation of the deaerator can be given
as
Fig. 2. Schematic of the deaerator.
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d
�
Vd;f rd;f þ Vd;grd;g þ Vd;crd;c

�
dt

¼Wd;si þWd;fwi �Wd;fwo (25)

where Vd;g , Vd;f , and Vd;c are the volumes of the steam, saturated
water, and subcooled water in the deaerator, respectively, m3; rd;f
and rd;g are the densities of the saturatue water and steam in the
deaerator, respectively, kg/m3; rd;c is the density of the subcooled
water in the deaerator, kg/m3; Wd;si is the inlet heating steam flow
rate of the deaerator, kg/s; Wd;fwi is the inlet feedwater flow rate of
the deaerator, kg/s; Wd;fwo is the outlet feedwater flow rate of the
deaerator, and Wd;fwo ¼ Wblo;fwi, kg/s.

The energy conservation equation of the deaerator can be
expressed as

d
�
Vd;f rd;f hd;f þ Vd;grd;ghd;g þ Vd;crd;chd;c þ md;mTd;m

�
dt

¼Wd;sihd;si

þWd;fwihd;fwi �Wd;fwohd;fwo

(26)

where hd;f , hd;g , and hd;c are the specific enthalpies of the saturated
water, steam, and subcoolded water in the deaerator, kJ/kg; md;m is
the total effective heat capacity of the deaerator wall metal, kJ/�C;
Td;m is thewall metal temperature, �C, the rate of change of which is
approximately the same as that of the steam saturation tempera-
ture; hd;si, hd;fwi, and hd;fwo are the specific enthalpies of the
deaerator heating steam, inlet feedwater, and outlet feedwater,
respectively, kJ/kg.

The volume conservation equation of the deaerator can be
expressed as

Vd;f þVd;g þ Vd;c ¼ Vd (27)

where Vd is the total volume of deaerator, and dVd=dt ¼ 0, m3.
From Eqs. (25) and (26), the rate of change of water volume in

the deaerator can be obtained as

d
�
Vd;f þVd;c

�
dt

¼
Wd;siþWd;fwi�Wd;fwo�

�
Vd;f

drd;f
dPd

þVd;g
drd;g
dPd

�
dPd
dt

rd;f �rd;g

(28)

Substatution of Eqs. (27) and (28) into Eq. (26) yields
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dt

¼
Wd;sihd;si þWd;fwihd;fwi �Wd;fwohd;fwo �

�
Wd;si þWd;fwi �Wd;fwo

�
rd;f hd;f�rd;ghd;g

rd;f�rd;g

Vd;f
dðrd;f hd;f Þ

dP þ Vd;g
dðrd;ghd;gÞ

dP þMd;m
dtd;m
dP � rd;f hd;f�rd;ghd;g

rd;f�rd;g

�
Vd;f

drd;f
dPd

þ V2
drd;g
dPd

� (29)
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According to the geometry of the deaerator water tank, the
relationship between the water volume and water level of the
deaerator can be given by
Fig. 3. Block diagram of the EB pressure, power, and water volume control systems.

Vd;f þVd;c ¼

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

�
arccos

�
Rd � Hd;w

Rd

�
R2d � ðRd � HwÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2d �



Rd � Hd;w

�2q 	
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þ1
3
p
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�
H2
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�
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��
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � 
Rd � Hd;w

�2q 	
ðLd � 2RdÞ

þ4
3
pR3d �

1
3
p


Rd þ Hd;w

�

2Rd � Hd;w

�2
; otherwise

(30)
where Hd;w is the deaerator water level, m; Rd and Ld are the radius
and length of the deaerator water tank, respectively, m; Vd is the
volume of the deaerator water tank, m3.

The rate of change of Vd;c can be calculated by

dVd;c

dt
¼ Ad;c

rd;f g
dPd
dt

(31)

Ad;c ¼p
h
R2d �



Rd � Hd;w

�2iþ 2ðLd� 2RdÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2d �



Rd � Hd;w

�2q
(32)

where Ad;c is the cross-sectional aera of the deaerator water tank at
the corresponding vaporization depth, m2.

Assuming that the deaerator is in a steady state when its pres-
sure drops, the water temperature is approximately equal to the
saturation temperature. Then the water within the water surface to

a depth of jdPdjrd;f g
is partially vaporized owing to the temperature being

higher than the saturation temperature at the corresponding
pressure, giving off heat to reach saturation. Because of the influ-
ence of the static pressure of the water column, the water below
this depth is still in a subcooled state, although its temperature is
higher than the saturation temperature at the steam pressure of the
deaerator. As the pressure continues to fall, the depth of the water
that can be vaporized gradually increases, which is called the
vaporization depth. And the rate of change of the unsaturated

water can be determined by Ad;c
rd;f g

���dPddt

���. Once the depth of vapor-

ization is the same as the water level in the deaerator, all the water
is saturated at the corresponding pressure as the pressure con-
tinues to fall.

Approaching the bottom of the deaerator water tank, where the
horizontal cross-sectional area is smaller and the feedwater flow is
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accelerated, the forced flow caused by the outlet feedwater pump
has an influence on the variation of the vaporization depth. Then,
during the pressure drop transients of the deaerator, the following
relationship much be judged.

����dPddt

���� 1
rd;f g

<
Wd;fwo

rd;f Ad;c
(33)

When the above equation is satisfied, the vaporization depth
gradually increases, and we have dVd;c=dt ¼ 0. Otherwise, the rate
of change of Vd;c should be calculated by Eq. (31). This is because
when the water at the vaporization depth falls too quickly, the
pressure head of the water column above it also increases rapidly. If
the absolute value of the pressure change is less than the change in
the pressure head of thewater column, the absolute pressure of this
part of water increases. Its temperature is even lower than the
saturation temperature at the corresponding pressure and cannot
release heat quickly. In this case, the depth of vaporization no
longer increases.
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3. Operation characteristics and control systems of the EB
system

3.1. Operation characteristics

The operation of the EB system has to be adapted to the re-
quirements of the entire NPP for steam supply. The EB of the HTR-
PM plant has three operation modes: normal operation, hot
standby, and cold standby.

3.1.1. Normal operation
During normal operations, the output steam flow rate of the EB

is between the minimum flow rate and the rated flow rate. In this
condition, the demineralized water enters the deaerator through a
feedwater regulating valve that is used to adjust the deaerator
water level, and the inlet heating steam from the EB is used for
heating the feedwater and deaeration. Before the heating steam
enters the deaerator, it passes through a control valve to maintain
the deaerator pressure. The feedwater from the deaerator is first
pressurized by a feedwater pump, and then a feedwater valve
regulates the feedwater flow rate to maintain a constant amount of
water volume in the inner and outer cylinders of the EB.

The water from the outer cylinder of the EB is continuously
injected into the inner cylinder through the circulation pump,
which is heated by the three-phase electrodes to generate steam.
The water level in the inner cylinder is controlled by the regulating
valve deployed at the outlet header of the circulation pump, which
determines the EB load, which is controlled by the circulation
pump.

A steam control valve is deployed at the top of the EB to regulate
its outlet steam flow rate. Part of the steam enters the deaerator as
heating steam, and the remaining steam is sent to the auxiliary
steam header in the secondary-loop of the plant. During cold or hot
start-up of the plant, part of the steam generated by the EB will be
further heated by a superheater before sent to the turbine shaft seal
system.

The EB of the HTR-PM plant can continuously produce up to
42 t/h of steam. The rated steam parameters before the EB outlet
control valve are 1.6 MPa and 204 �C. The cold and hot start-up
times of the EB are 59min and 5min, respectively. The rated
output of the deaerator is 92 t/h and the maximum output is 102 t/
h. The rated operating pressure of the deaerator is 0.12MPa, and the
rated temperature is 105 �C. The amount of steam required for
thermal deaeration of the deaerator is 6.3 t/h. Under normal
operating conditions, the deaerator level is maintained at 1540 mm
by regulating the inlet feewater flowrate.

3.1.2. Hot standby
The hot standby operation is a type of standby mode, which is

designed to shorten the EB start-up time. In this condition, the EB
temperature is maintained by two 50 kW electric heaters (one for
Fig. 4. Block diagram of the deaerator pressure and water level control systems.
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use and the other for standby) deployed in the outer cylinder. And
the deaerator temperature is also maintained by two 50 kWelectric
heaters with one for use and the other for backup.

In hot standby operations, the feedwater and circulation pumps
of the EB are in standby states, and the control logic of the corre-
sponding pumps and control valves are in “automatic mode”. The
feedwater pump and valve of the EB maintains its outer cylinder
water level at a specific position between the maximum and min-
imum water level setpints. While the inner cylinder water level is
zero under the current design. For the deaerator, its water level is
maintained by regulating its inlet feedwater valve.

3.1.3. Cold standby
The cold standby operation is another type of standby mode. In

cold standby condition, the equipment is maintained in wet status,
and the EB and deaerator are completely filled with cold water. The
water level in the EB is maintained at the steam outlet elevation.

3.2. Control systems

3.2.1. EB control systems
This study only focuses on the operating and control charac-

teristics of the EB from the hot standby to normal operations, and
the control systems involved are mainly the pressure control sys-
tem, inner cylinder level control system, and water volume control
system, as shown in Fig. 3. Here, Lbli and Lblo are the water levels of
the EB inner and outer cylinders, respectively, m; Ac;bli and Ac;blo are
the cross-sectional areas of the EB inner and outer cylinders,
respectively, m; Pb;ref , Lbli;ref , and Vbl;ref are the reference values of
Pb, Lbli, and Vbl; Vbl is the total water volume in the EB, m3.

The pressure control system is designed to maintain the EB
pressure at its setpoint value, which is 1.6 MPa for the HTR-PM
plant, by regulating the steam control valve of the EB. During the
transition from hot standby to normal operations, the steam valve
is closed until the steam pressure rises to the setpoint value. After
that, the steamvalve opening is adjusted smaller or larger when the
steam pressure drops below or rise above the stepoint value.

The power of the EB three-phase electrodes is linearly related to
its immersion depth inside the inner cylinder. Therefore, the output
power of the EB can be maintained at the setpoint value by regu-
lating the inner cylinder water level which increases linearly with
the power. When the inner cylinder water level is lower (higher)
than the setpoint value, the circulating water pump and valve will
be adjusted to increase (decrease) the circulating water flowrate
injected to the inner cylinder from the outer cylinder of the EB.

The water volume controller is designed to maintain a constant
water volume in the inner and outer cylinders of the EB. The
feedwater valve of the EB is adjusted according to the controller
output to achieve this control objective. When the water volume in
the EB drops below the setpoint value owing to excessive steam
production, etc., the feedwater pump will be adjusted to increase
the feedwater flow rate from the deaerator to the EB.

The pressure, inner cylinder level, and water volume controllers
were all designed as PI controllers, which were determined based
on the PID tuner in MATLAB/Simulink [21] as 50:1þ 0:49

s ,

102:9þ 0:95
s , 20:3þ 0:15

s , respectively.

3.2.2. Deaerator control systems
During the transition from hot standby to normal operating

conditions in the EB, the pressure and water level of the supporting
deaerator need to be controlled, as presented in Fig. 4.

The deaerator pressure are controlled at a constant setpoint
value, which is 0.12 MPa to maintain the EB feedwater temperature
at ~105 �C in this study, by the deaerator pressure controller. It



Fig. 6. Dynamic responses of the EB pressure during transition from hot standby to
normal operations under different operation strategies.

Fig. 7. Dynamic responses of the EB power during transition from hot standby to
normal operations under different operation strategies.
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controls the flowrate of the heating steam fed into the deaerator by
adjusting the inlet steam valve opening. In this way, the feedwater
quality of the EB can be guaranteed.

The level controller maintains the deaerator water level at a
constant setpoint value which is 1540 mm in this study during its
normal operations. When the water level in the deaerator is too
high (>1690 mm), a high level alarm will be issued to close the
feedwater control valve. When the water level in the deaerator is
too low (<550 mm), a low level alarm will be issued to close the
feedwater pump of the EB and the deaerator backup electric heater.
If the deaerator water level reaches the preset high limit
(1640 mm), the deaerator relief valve opens, which will close when
the water level falls below 1620 mm.

The pressure and level controllers were all designed as PI con-
trollers, which were also determined based on the PID tuner in
MATLAB/Simulink [21] as 500:5þ 9:8

s and 249:6þ 2:2
s , respectively.

4. Optimization strategies for hot standby operations of EB
system

During normal operations of the HTR-PM NPP, the EB system is
always in hot standby status. However, the current hot standby
operation suffers from the following problems. First, it cannot
provide qualified steam in a short period of time when the NPP
starts up. Second, electric heaters are required to compensate for
the heat loss of the EB and deaerator during the hot standby
operation, which consumes a lot of electric power and does not
meet the economic requirements of the NPP. Moreover, the initial
water level of the inner cylinder is zero. Thus, it is necessary to
inject water from the outer cylinder to the inner cylinder through
the circulation pump first when transforming to normal operations.
After the water level of the inner cylinder rises to the start-up level,
the three-phase electrodes can be turned on to heat the water in
the inner cylinder, resulting in a long transient time. Finally, the EB
system needs to run for a long time during the test run, start up, and
shut down operations of the NPP. And the current hot standby
operation does not consider the backup of superheated steam for
the turbine shaft seal system.

To solve the above problems, this study seeks the optimization
of the EB hot standby operation strategy in the following aspects.
On the one hand, to improve the transition speed of the EB from the
hot standby to normal operations, the inner cylinder water level of
the EB during the hot standby operation can be changed from zero
level to the start-up level which is 600 mm. This can save the time
required to supply water from the outer cylinder to the inner cyl-
inder when transiting from the hot standby to normal operations.
On the other hand, to reduce electric power consumption, the
heating method of the EB and deaerator can be changed from
Fig. 5. Block diagram of the dynamic simulation
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electric heating to steam heating during the hot standby operation.
For the EB, part of steam can be extracted from the main steam
system of the plant through the EB outlet steam pipe into its outer
cylinder to compensate for the heat loss to the external
platform for the EB system using Simulink.



Fig. 8. Dynamic responses of the EB inner cylinder water level during transition from
hot standby to normal operations under different operation strategies.

Fig. 9. Dynamic responses of the EB outer cylinder water level during transition from
hot standby to normal operations under different operation strategies.

Fig. 10. Dynamic responses of the EB outlet steam flowrate during transition from hot
standby to normal operations under different operation strategies.
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environment. At the same time, part of steam can be extracted from
themain steam system as the heating steam of the deaerator, which
replaces the electric heaters of the deaerator during the hot standby
operation to compensate its heat loss to the external environment.
With these improvements, the electric heating of the EB and
deaerator during the hot standby operating can be eliminated,
which can greatly reduce the electric power consumption. Based on
the above analysis, optimization strategies for the hot standby
operation of the EB and deaerator are proposed.

The hot standby operations of the EB under the original strategy
and two optimization strategies are illustrated as follows.

(1) Original strategy for the EB. The electric heaters are used to
compensate for the heat loss in the EB in the hot standby
operation, and the initial water level of the inner cylinder is
zero.

(2) Optimization strategy A for the EB. The electric heaters are
used to compensate for the EB heat loss in the hot standby
operation, and the initial water level of the inner cylinder is
the start-up level.

(3) Optimization strategy B for the EB. Part of steam is extracted
from the main steam system of the plant to compensate for
the EB heat loss in the hot standby operation, and the initial
water level of the inner cylinder is the start-up level.

The hot standby operations of the deaerator under the original
strategy and the proposed optimization strategy are illustrated as
follows.

(1) Original strategy for the deaerator. The electric heaters are
used to compensate for the heat loss in the deaerator during
the hot standby operation.

(2) Optimization strategy for the deaerator. Part of steam is
extracted from the main steam system of the plant to
compensate for the deaerator heat loss during the hot
standby operation.

These optimization strategies are verified through numerical
simulations, and the simulation results and discussion are given in
the following Section 5.
Fig. 11. Dynamic responses of the deaerator pressure during transition from hot
standby to normal operations under different operation strategies.



Fig. 12. Dynamic responses of the deaerator water level during transition from hot
standby to normal operations under different operation strategies.

Fig. 13. Dynamic responses of the deaerator outlet feedwater temperature during
transition from hot standby to normal operations under different operation strategies.

Fig. 14. Dynamic responses of the deaerator outlet feedwater flow rate during tran-
sition from hot standby to normal operations under different operation strategies.

Fig. 15. Dynamic responses of the deaerator inlet feedwater flow rate during transition
from hot standby to normal operations under different operation strategies.

Fig. 16. Dynamic responses of the deaerator heating steam flow rate during transition
from hot standby to normal operations under different operation strategies.
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5. Results and discussion

The feasibility and advancement of the proposed optimization
strategies were verified through dynamic simulations. A dynamic
simulation platform of the EB system was developed in MATLAB/
Simulink with implementation of the established EB and deaerator
models and control systems as well as the proposed optimization
strategies, as shown in Fig. 5. Here, PowerEB denotes the EB power.
The ode15s Solver in Simulink is employed to solve the dynamic
models of the EB and deaerator during transient simulations.
5.1. Optimization results of the EB

Under the original strategy and proposed two optimization
strategies for the EB, dynamic responses of the EB key parameters
during the transition transient from the hot standby to normal
operations are shown in Figs. 6e10.

From Figs. 6e10, the following analysis results can be drawn for
the EB.
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(1) According to Figs. 7 and 8, the transient times for the elec-
trode power to reach the rated value are 321.42s, 241.23s,
and 194.19s for the three strategies of the EB, respectively.
This indicates that when the inner cylinder level is the start-
up level at the hot standby operation, the inner cylinder
water level and electrode power of the EB reach the normal
operating values much faster than those when the initial
inner cylinder water level is zero.

(2) Compared with the original strategy, the proposed optimi-
zation strategies do not change the equilibrium values of the
pressure, power, and inner and outer cylinder water levels
when the EB reaches normal operating conditions, as shown
in Figs. 6e9.

(3) Under the optimization strategy B, the steam is removed
from the EB as soon as the transition from the hot standby to
normal operations begins, as shown in Fig. 10. This is because
the use of steam heating instead of electric heating, so the EB
has a certain amount of steam during the hot standby
operation, and the pressure can be maintained at the rated
value (1.6 MPa). While for the original strategy and the
optimization strategy A, the EB pressure is much lower than
the rated value during hot standby operations, and a certain
amount of steam needs to be accumulated to reach the rated
pressure. Therefore, the generated steam is not discharged
from the EB for a period of time after the electrodes are
turned on, which is equivalent to that the initial electrode
power is absorbed by the EB itself. This causes the final steam
flow rates under the original strategy and optimization
strategy A to be lower than that under the optimization
strategy B of the EB. The flow rate differences compensate for
the amount of steam needed to increase the EB pressure
under the original strategy and optimization strategy A.

(4) The power consumptions during the hot standby operations
under the three strategies are, respectively, calculated as
follows.

� The electric power consumptions of the EB and circulation
pump under the original strategy are 100 kW and 0 kW,
respectively. Thus, the total power consumption is 100 kW.

� The rated power of the circulation pump is 15 kW, and the
power required for the circulation pump to maintain the
inner cylinder at the start-up level is ~40% of its rated
power during the hot standby operation. Thus, the power
consumption of the circulation pump is ~6 kW, and the
total power consumption under the optimization strategy
A is the sum of the electric power (100 kW) and the cir-
culation pump power, which is 106 kW.

� Under the optimization strategy B, the flow rate of the
heating steam injected into the EB from the main steam
system is 0.0581 kg/s, with the temperature of 202.4 �C
and specific enthalpy of 2795.9 kJ/kg. The thermal heat to
power conversion efficiency can be taken as ~40%, then the
equivalent power consumption for the heating steam is
~64.95 kW. Therefore, the total power consumption under
the optimization strategy B is the sum of the heating power
and the circulation pump power, which is 70.95 kW.
In summary, the transient response of the EB transiting from the
hot standby to normal operations under the optimization strategy A
is faster than that under the original strategy, with a little increase in
the electric power consumption. While for the optimization strategy
B, it enables the EB to response much faster with less electric power
consume during the transition from hot standby to normal opera-
tions, compared with the original strategy and the optimization
strategy A. Therefore, the optimization strategy B is the optimal
operational strategy among the three strategies for the EB.
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5.2. Optimization results for the deaerator

Under the original and proposed optimization strategies for the
deaerator, dynamic responses of the deaerator key parameters
during the transition transient from hot standby to normal opera-
tions are shown in Figs. 11e16. During the transition from hot
standby to normal operations of the EB, part of the EB outlet steam
will be used as heating steam for the deaerator. Thus, the operating
scheme of the EB also affects the dynamic responses of the deaer-
ator. For the simulation results of the deaerator under the original
and optimization strategies presented in the following figures, the
original strategy and optimization strategy B of the EB were
adopted, respectively.

From Figs. 11e16, the following analysis results can be drawn.

(1) It can be observed from that, compared with the original
strategy, the proposed optimization strategy does not change
the equilibrium values of the deaerator pressure, water level,
and outlet feedwater temperature when reaching normal
operating conditions, as shown in Figs. 11e13.

(2) As illustrated in Section 5.1, to maintain the EB pressure at
the setpoint during the transition transient from hot standby
to normal operations, the EB outlet steam flow rate under the
optimization strategy B is higher than that under the original
strategy. Thus, to keep the EB water volume constant, its
feedwater flow rate from the deaerator is increased, resulting
in an increase in the deaerator outlet feedwater flow.
Therefore, to maintain the deaerator water level and pres-
sure, the inlet feedwater and heating steam flow rates under
the optimization strategy are higher than that under the
original operating strategy of the deaerator, as illustrated in
Figs. 14e16.

(3) The optimization strategy can increase the dynamic response
speed of the deaerator from hot standby to normal opera-
tions, with a slightly increase in the overshoots of deaerator
pressure, level and outlet temperature.

(4) The power consumptions during the hot standby operations
under the original and optimization strategies of the deaer-
ator are, respectively, calculated as follows.

� Under the original strategy, the electric heaters with the
power of 100 kWare employed to compensate for the heat
loss of the deaerator. Thus, the total power consumption of
the deaerator is 100 kW in this case.

� Under the optimization strategy, the flow rate of the
heating steam consumed by the deaerator, which is used to
replace the electric heaters to compensate for the deaer-
ator heat loss, is 0.0372 kg/s. The temperature and specific
enthalpy of the heating steam are 106 �C and 2685.5 kJ/kg,
respectively. Thus, taking the thermal heat to power con-
version efficiency as ~40%, the equivalent power con-
sumption for the deaerator is ~40 kW.
In summary, the proposed optimization operating strategy en-
ables the deaerator to response much faster and consume less
electric power during the transient from hot standby to normal
operating conditions compared with the original strategy.

6. Conclusions

To solve the problems of high power consumption and slow
response speed of the HTR-PM EB system during hot standby op-
erations, two optimization strategies are proposed in this paper.
The first strategy adjusts the inner cylinder water level of the EB
during hot standby operations from zero level to the start-up level
to reduce the transition time from hot standby to normal
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operations. The second strategy replaces the electric heaters of the
EB system by the heating steam extracted from the main steam
system of the plant to compensate for its heat loss during hot
standby operations. The proposed strategies were verified through
dynamic simulations based on a control simulation platform of the
EB system developed inMATLAB/Simulink. The results indicate that
the extracted heating steam can compensate for the heat loss of the
EB and deaerator during hot standby operations, reducing the
electric power consumptions of the EB and deaerator by approxi-
mate 29.05 kW and 60 kW, respectively, compared with those
under the original operation strategies. At the same time, the
adjustment of the EB inner cylinder water level to the start-up level
during hot standby operations can shorten the transition time from
hot standby to normal operations by up to 127.23s compared with
that under its original operation strategy, speeding up the response
speed of the EB system significantly. Therefore, the feasibility and
superiority of the proposed optimization strategies can be
demonstrated, which are expected to provide a reference for the
performance improvement of EB systems in practical engineering.
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