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1. Introduction

Hydrogen production using low-carbon energy
sources has received increasing attention for
decarbonizing energy-intensive industries. Among
available technologies, solid oxide electrolysis cells
(SOECs) operate at elevated temperatures and can use
externally supplied heat to reduce the electrical energy
required for steam electrolysis [1]. This makes coupling
with high-temperature heat sources attractive, and high-
temperature gas-cooled reactors (HTGRs) are well suited
for this purpose because of their high coolant outlet
temperature and capability for supplying process heat
[1,2].

Previous studies have examined nuclear-assisted
hydrogen production and HTGR-SOEC thermodynamic
performance, whereas comparatively fewer studies have
addressed the transient behavior of coupled steam-supply
systems [3,4]. Because steam delivery depends on the
coupled thermal and hydraulic responses of heat
exchangers, the steam generator, and feedwater system,
these components were modeled dynamically. Fig. 1
shows the conceptual HTGR-SOEC configuration and
its principal heat-transfer, process-gas, and recycle paths.
Reactor heat is transferred through the intermediate heat
exchanger (IHX) to the intermediate helium loop, which
supplies heat to the multi-stream heat exchanger (MHX)
and once-through steam generator (OTSG). The water
pump supplies feedwater, while the SOEC represents
electrochemical hydrogen production. Heat recovery
from the SOEC exhaust streams is integrated with
feedwater and inlet-stream preheating, while recovered
liquid water and a controlled fraction of the H.-rich gas
are recycled to the feedwater train and SOEC cathode
inlet, respectively.

HTGR

Fig. 1. Conceptual configuration of the HTGR-SOEC
hydrogen production system.

2. Model description
2.1. System model

Fig. 2 shows the configuration represented in the
present model. Reactor heat is transferred through the
IHX to the intermediate helium loop, which successively
supplies heat to the MHX and OTSG. On the water/steam
side, feedwater is pressurized by the water pump and
preheated in the condenser and second preheating heat
exchanger (PHX2) before entering the OTSG. The
generated steam is further heated through the
recuperative heat exchanger (RHX) and MHX, followed
by pressure reduction through a fixed nozzle before
SOEC entry. On the air side, compressed air is preheated
in the first preheating heat exchanger (PHX1) and
subsequently heated in the MHX. At the SOEC oultlet,
the cathode H./H.O stream passes through the RHX,
condenser, and gas/liquid separator, whereas the Air—O:
exhaust supplies heat to PHX2. A fraction of the
recovered liquid water is returned to the water pump inlet.
Part of the Hz-rich separator gas is also recirculated, with
the recycle flow adjusted to achieve the prescribed H--
to-steam molar ratio at the SOEC inlet.
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Fig. 2. HTGR-SOEC system schematic.

To assess the thermodynamic performance of the
integrated configuration, system-level energy and exergy
analyses were performed using the stream conditions and
power requirements obtained from the component
models. The overall energy efficiency was evaluated on
an H lower-heating-value (LHV) basis, accounting for
the reactor thermal input and the externally supplied
SOEC and auxiliary power. Stream exergy was evaluated
from physical and, where applicable, chemical
contributions relative to an environmental reference state,
while electrical work was treated as exergy. The overall



exergy efficiency was defined as the H.-product exergy
relative to the total exergy supplied to the system.

2.2. Component models

Each component was modeled in MATLAB/Simulink
using lumped-parameter formulations based on mass and
energy conservation to enable system-level dynamic
simulation.
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where m is the mass within the control volume, and i,
represents a source or sink term when applicable.

(2) Z_lt] =2 mi,inhi,in -2 mi,outhi,out +Q-W
where U is the internal energy, h is the specific enthalpy,
and Q and I denote the heat-transfer and work rates,
respectively. These conservation equations form the
common basis of the component models, with additional
relations introduced according to the dominant physics
of each component. Within this framework, the HTGR
couples reactor neutronics and reactivity feedback with
the thermal-hydraulic balances in a unified dynamic
model [5]. Reactor power is calculated using the point-
kinetics equations with delayed neutrons, accounting for
time-dependent neutron population and core thermal
feedback:
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where n is the normalized neutron population, p is the
reactivity, g is the total delayed-neutron fraction, A is
the prompt neutron generation time, and C; and 4; are the
concentration and decay constant of the i-th delayed-
neutron precursor group, respectively. The precursor
concentrations evolve according to
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where g; is the delayed-neutron fraction of the i-th group.

The resulting neutron population determines the reactor
thermal power, which is supplied to the thermal-
hydraulic model as the core heat source. The
corresponding thermal response is then fed back to the
kinetics model through the fuel- and moderator-
temperature reactivity coefficients:

(5) p) = apATy + am AT, + apAP + ayAH,,

where ATy, AT,,, AP, and AH,, are deviations in fuel
temperature, moderator temperature, pressure, and
control-rod height from their reference values,
respectively. Here, a is the fuel-temperature Doppler
reactivity coefficient, while a,,, ap, and ay are the
moderator-temperature, pressure, and control-rod
reactivity coefficients, respectively. The thermal-

hydraulic states provide the temperature and pressure
feedback, while the control-rod position supplies the
externally actuated contribution, thereby coupling the
neutronic, thermal-hydraulic, and control responses.

The heat-exchanger models combine the common
mass and energy balances with heat-transfer relations
based on the effectiveness—NTU method. In the present
system, the IHX, MHX, RHX, and PHX1 are represented
using PCHE-based formulations. Printed circuit heat
exchangers (PCHEs) are adopted because their compact
diffusion-bonded structure provides a high heat-transfer
area density and is suitable for high-temperature, high-
pressure service [6]. Their alternating channels separate
the fluid streams through thin metallic walls. A reduced-
order counter-current configuration is used to represent
this structure, maintaining a favorable thermal driving
force along the flow direction and effective use of the
available heat-transfer area. Detailed channel-scale fields
are not resolved; instead, the dominant thermal-hydraulic
behavior is represented through the stream heat-capacity
rates, overall conductance, and pressure-drop relations.
Based on this reduced-order representation, the heat-
transfer rate is calculated as

(6) Q = &Cpin (Th,in - Tc,in)

where C = mCp, Gy, is the smaller heat-capacity rate,
and ¢ is evaluated from the conventional counter-current
effectiveness—NTU relation. The number of transfer
units is defined as

UA
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where UA represents the overall thermal conductance
and is determined from the convective heat transfer on
both fluid sides and conduction through the separating
wall. For the PCHE geometry, the heat-transfer
coefficients and pressure losses are evaluated using the
local fluid properties, Reynolds number, and geometric
parameters including the hydraulic diameter, pitch, and
channel angle [6]. Using this reduced-order
representation, the IHX, RHX, and PHX1 are modeled as
two-stream PCHEs, with the fluid pairs assigned
according to their respective system functions. The IHX
transfers heat between the primary and intermediate
helium loops, whereas the RHX and PHX1 recover
process heat for steam heating and inlet-stream
preheating, respectively. The MHX extends this
approach to a three-stream configuration, in which hot
helium transfers heat separately to the steam and air
streams [7]. Its heat duties are coupled through an overall
energy balance so that the heat removed from helium is
consistent with the combined heat gained by the two cold
streams.

The OTSG converts preheated feedwater into
moderately superheated steam using heat supplied by the
intermediate helium loop. As shown in Fig. 3 (a), high-
pressure helium flows downward through the helical
tubes, while water and steam flow upward on the shell



side in a counter-current arrangement. The tube side
accommodates the high-pressure helium, whereas the
larger shell-side flow area accommodates the volumetric
expansion associated with boiling. The upward
secondary flow is also aligned with the buoyancy
direction during vapor generation. For the dynamic
formulation, the helium and tube wall are discretized into
nine fixed axial control volumes, while the secondary
side is represented by moving thermodynamic regions,
as illustrated in Fig. 3 (b).
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Fig. 3. (a) Schematic of the OTSG configuration and (b)
moving thermodynamic regions.

The secondary side is represented by subcooled, two-
phase, and superheated regions whose lengths vary with
the thermal-hydraulic state [8,9]. The boundaries
between these regions are determined from the local
saturation conditions:

(8) h(Zboil) = hf(Psec)a h(zdry) = hg(Psec)
where zy,,; and z4., denote the onset of boiling and the
boundary to the superheated region, respectively.

Conservation over each time-varying region is
formulated using the Leibniz integral rule:
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where ¢ denotes a conserved quantity per unit length.
The boundary-motion terms account for changes in the
region length as z; and z, move. The resulting
conservation equations are solved with the saturation
constraints in Eq. (8), allowing the phase boundaries to
evolve with the transient state rather than being
prescribed independently. The moving secondary-side
regions are thermally coupled to the fixed helium and
tube-wall control volumes to evaluate the local thermal
response and interfacial heat transfer. Heat transfer on
the helium side is evaluated using the Mori—Nakayama
correlation [10] for flow in helical tubes, while the
secondary-side treatment depends on the local phase and
boiling regime, as summarized in Table 1. For the
secondary side, the Rohsenow correlation is used for
nucleate boiling and the Zuber correlation for critical
heat flux (CHF). Post-CHF heat transfer is approximated
by interpolation toward the minimum film-boiling (MFB)
condition estimated using the Berenson correlation,

followed by the Bromley correlation for stable film
boiling. These correlations provide a reduced-order
representation of the principal boiling regimes rather
than a detailed prediction of local two-phase phenomena.

Table 1. OTSG secondary-side correlations.

Secondary-side condition Correlation / treatment

Subcooled water Dittus—Boelter

Nucleate boiling Rohsenow [11]
Critical heat flux (CHF) Zuber [12]
Transition boiling CHF-MFB interpolation
MEFB condition Berenson [13]
Stable film boiling Bromley [14]

Superheated steam Dittus—Boelter

A hydraulic relation is also required to close the
pressure—flow response of the model. For a flow path
with variable effective length, the momentum balance
can be written in compact form as

aw A wdL
(10) 9 L (AP — Y APyy55) — T dc
where Y, AP, includes frictional, gravitational,

acceleration, and local-loss contributions. The final term
accounts for changes in the effective flow-path length
associated with boundary motion.

A centrifugal-pump model is used to supply feedwater
to the OTSG. In the reduced-order formulation, the
actual flow rate is determined from the momentum
balance of the pump and equivalent discharge line rather
than being imposed directly:

Ldw
(11) 2 acr APyt — APy

where APnet = APpump + Psource - Pdown - pgAZ
and AP, represents the hydraulic resistance of the flow
path. To account for the transient response of the pump,
the pump pressure rise is obtained from a centrifugal-
pump Q-H characteristic. The shaft dynamics are
represented by

dw
(12) ]eq s = Tmotor — Tpump ~ Tfric

Here, J., and w are the equivalent rotational inertia
and shaft speed, while the three torque terms represent
the motor input, hydraulic load, and mechanical friction,
respectively. Thus, both flow and shaft speed evolve
dynamically from the corresponding momentum
balances.

PHX2 is introduced to recover sensible heat from the
Air-0: exhaust before it is rejected, thereby preheating
feedwater upstream of the OTSG. It is modeled as a four-
control-volume counter-current shell-and-tube heat
exchanger, with liquid water on the tube side and the



Air-0: stream on the shell side. The water remains
subcooled throughout PHX2, leaving evaporation and
subsequent superheating to the downstream OTSG.
Since the mass and energy balances are common to the
component models, the assumption of the model PHX2-
specific closure is given by the single-phase convective
heat-transfer relation. For the tube-side water, the heat-
transfer coefficient is evaluated using the Gnielinski
correlation [15],

(fw/8)(Rey,—1000)P1y,
(13) Ny, = 1+12.7(fw/8)1/2(PrV2V/3—1)
where Nu,,, Re,,, and Pr,, are the Nusselt, Reynolds,
and Prandtl numbers of the water, respectively, and f,, is
the Darcy friction factor.

The condenser is modeled separately to remove water
from the H2/H2O cathode exhaust before downstream
gas/liquid separation. In contrast to PHX2, which
transfers sensible heat between single-phase streams, the
condenser couples heat removal with H.O condensation
in the presence of hydrogen. It also differs from the
OTSG, where heat addition drives feedwater through
evaporation and superheating. In the condenser, the H.O
phase state is evaluated from saturated-liquid and
saturated-vapor properties, with the process- and
coolant-side enthalpies treated as dynamic states. The
local H20 quality is determined from pressure—enthalpy
property data. To account for the presence of non-
condensable H-, condensation is not determined from the
heat duty alone. Instead, the model includes gas-side H-O
mass transfer together with the local saturation condition
at the cooled interface. The corresponding mass-transfer
coefficient is evaluated using the Chilton—Colburn
analogy [16]:

(14) e
Dp

where k,, is the H-O vapor mass-transfer coefficient, jy,
is the Chilton—Colburn mass-transfer factor, Re, is the
gas-side Reynolds number, and Sc is the Schmidt
number. D,p denotes the binary diffusivity of the Ha—
H:O mixture, and D, is the hydraulic diameter. The
resulting mass transfer governs the transport of H.O
vapor toward the condensing interface, thereby coupling
species removal with the condenser thermal response.

The gas/liquid separator is placed downstream of the
condenser to recover condensed water from the enriched
H: stream. It is represented as a zero-dimensional bank
of vertical separator modules with a downstream wire-
mesh demister, retaining gravity-assisted disengagement
while accounting for residual fine-droplet capture. The
entrained liquid is represented by three computational
droplet classes with diameters of 5, 50, and 300 pm,
which are treated as representative model classes rather
than a measured droplet-size distribution. The droplet
velocity is obtained from a reduced-order momentum
balance using the Schiller—Naumann drag relation [17],
and the gravity-separation rate is evaluated as

. max(vq;-Ug,) .
(15) mgrav,i = H - md,i
sep

where 14 ; is the liquid inventory of droplet class i, v ;
is the modeled downward droplet velocity, U, is the
upward superficial gas velocity, and Hi,,, is the separator
height. Coalescence is represented as conservative
transfer between droplet classes, while the downstream
demister model estimates the captured and penetrated
fractions of the residual mist. This reduced-order
treatment is intended to represent liquid recovery and
carryover at the system level rather than detailed
separator-scale two-phase hydrodynamics.

The SOEC model developed in our previous study [18]
is adopted with minor modifications for the present
system integration. Since its detailed formulation and
assessment have been reported previously, only the
features relevant to the present analysis are summarized.
A single cell is discretized into 5x5 nodes to represent
spatial variations in temperature, gas composition, and
current density. All nodes share a common cell voltage,
while the local current density is determined from the
local thermodynamic and species conditions. The cell
voltage is expressed as

(16) Vcell = Erev + Nact + Nohm + Neonc

where E,..,, is the reversible voltage and n4.¢, onm, and
Neonc FEPresent the activation, ohmic, and concentration
overvoltages, respectively. The resulting local current
density links the electrochemical response to the species
balances at each node. Gas species are transferred
sequentially between adjacent nodes, and the local
electrochemical source terms are determined from
Faraday’s law. The hydrogen production rate is given by

(17) Ny, =55

where I isthe current and F is Faraday’s constant. In this
study, the SOEC model is used to evaluate the steady-
state hydrogen-production response of the integrated
system, while detailed transient electrochemical
behavior is outside the present scope.

3. Simulation results
3.1. Component results

Before constructing the integrated system, the
component models were assessed through conservation
checks and their steady-state or dynamic responses. The
HTGR model, configured using the nominal GT-MHR
conditions [19], reached a stable steady state. The SOEC
model was previously validated against experimental
data from KAERI [18].

The IHX and MHX models were assessed against
reference data. Table 2 compares the predicted hot- and
cold-side outlet temperatures of the IHX with the



GAMMA results reported in Ref. [6], with the
corresponding  experimental values included for
reference. Across the two operating cases, the present
predictions differed from the GAMMA results by 1.9—
5.9°C and remained similarly close to the experimental
data. The model also reproduced the expected cooling
and heating trends on the hot and cold sides, respectively.

Table 2. Comparison of IHX outlet temperatures.
Experiment [°C] GAMMA [°C] Present model [°C]

Case/ outlet

1/Hot 72.43 74.69 71.76
1/ Cold 290.32 290.50 292.44
2/ Hot 102.19 103.61 98.32
2/ Cold 510.89 508.89 514.76

For the MHX, predicted outlet temperatures and heat-
transfer rates of the helium, steam, and air streams were
compared with the reference values of Kim et al. [7]
(Table 3). The outlet-temperature differences were 2.7,
7.9, and 3.5°C, respectively, and the corresponding heat-
transfer rates differed by 1.2%, 0.2%, and 3.9%. Helium-
side heat removal agreed with the combined steam- and
air-side gains within 0.01 kW while preserving the
expected heat-flow direction. The model therefore
reproduced the intended three-stream heat distribution
under the reference conditions.

Table 3. Comparison of MHX thermal performance.
Outlet (T) [°C] Heat transfer [KW]

Stream
Reference Model Reference Model
He 564.5 561.8 —-10.36 —-10.48
Steam 820.0 827.9 +8.05 +8.07
Alr 820.0 823.5 +2.31 +2.40

The OTSG and water pump were tested separately
under component-level conditions to isolate their
transient responses; integrated-system conditions are
reported separately. The OTSG used the present 8,572-
tube geometry, with helium at 72.2 bar and 270 kg/s and
the secondary side at approximately 5 bar. At 100 s, the
helium inlet temperature was increased by 2% on an
absolute-temperature basis, from 710 to 729.7°C. The
superheating region increased from 0.406 to 0.471 m,
whereas the boiling region decreased from 1.773t0 1.722
m. The steam outlet temperature rose from 157.6 to
180.6°C without appreciable overshoot, and all three
responses settled within approximately 110 s. The
gradual response reflects the OTSG thermal phenomena
and phase-change energy storage.
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Fig. 4. OTSG response to a helium-temperature step: (a)
region lengths and (b) temperature response.

In Fig. 5, the water pump was evaluated betweena 1.1-
bar source and the 5-bar OTSG inlet. At50 s, the required
flowrate increased by 5%, from 98.98 to 103.93 kg/s. The
actual flowrate peaked at 105.66 kg/s at 51.37 s, giving
1.67% overshoot, while motor speed reached 1827.5 rpm
at 51.12 s, 0.42% above its final value of 1819.9 rpm.
Both responses settled within approximately 4.5 s, with
outlet flow converging to the imposed demand. The brief
overshoots arise from coupled fluid and shaft inertia
before pump head, hydraulic resistance, and rotational
torque re-establish equilibrium.
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Fig. 5. Water pump response to a 5% step increase.

Transient analysis therefore focuses on the OTSG and
water pump, which govern the principal phase-change
thermal and feedwater hydraulic—-mechanical responses,
respectively. The remaining balance-of-plant
components are evaluated at the integrated steady state
through their stream conditions and associated thermal,
separation, and electrochemical functions.

3.2. System results

Table 4 summarizes the steady-state stream conditions
of the integrated system, where the helium loops
established the intended heat-transfer path and the
required SOEC inlet conditions. Under these conditions,
the SOEC produced net hydrogen at 8.96 kg/s (358,674
Nm3h), with an electrical consumption of 1,200 MW and
approximately 96 MW of net electrochemical heat
generation associated with operation above the
thermoneutral voltage. The resulting specific electricity
consumption was 37.23 kWh/kg-H., consistent with the



approximately 37 kWh/kg-H. reported in large-scale
SOEC tests [20].

Table 4. Steady-state stream conditions of the system.

Stream Fluid T [°C] P [bar] m [kg/s]

1 He g729 70.2 320
2 He 5845 70.2 320
3 He 8707 74.8 2703
4 He 7354 74.8 2703
5 He 55999 74.8 270.3
6 Air »5 1 94.4
7 Air 339 1.1 94.4
8 Air 155 1.1 944
9 Air 8707 1.1 94.4
10 Ar/O:  g717 1.1 94.4/71.1
11 Ar/0:  gos g 1.1 94.4/71.1
12 Ar/0: 5536 1.1 94.4/71.1
13 Water 20 1.1 102.4
14 Water 31.1 6.5 138.5
15 Water 63 6.5 138.5
16 Water 1492 6.5 138.5
17 Steam 1568 54 138.5
18 Steam 520 54 138.5
19 Steam  ggg 6 54 138.5
20 Steam  gg7 9 1.1 138.5
21 H-/H-0 62.3 1.1 3.8/94
22 H/H:0  gg5.9 1.1 12.7/67.8
23 H/H:0 5616 1.1 12.7/6738
24 HARO - 613 1.1 12.7/67.8
25 H-/H:0 62.3 1.1 9/22.3
26 Water 62.3 1.1 36.1

Using the steady-state results, the overall LHV-based
energy efficiency was 63.77%. For the exergy analysis,
the reactor thermal output was treated as a proxy for the
nuclear exergy input under the adopted black-box
convention, in which fission exergy is approximated by
fission thermal power [21,22]. The resulting H2-product
exergy efficiency was approximately 62.1%. Because the
OTSG and fixed nozzle had relatively large exergy

destructions, due to finite-temperature-difference heat
transfer and throttling, respectively.

4. Conclusion

This study developed a MATLAB/Simulink-based
system model of an integrated HTGR-SOEC hydrogen
production system, including heat-recovery, water-
recycle, and partial hydrogen-recirculation paths. The
IHX and MHX showed reasonable agreement with
reference thermal data, while the OTSG and water
pump exhibited stable transient responses representative
of the steam-supply dynamics. System-level energy and
exergy analyses were also performed using the steady-
state stream results. The developed model provides a
basis for further analysis of HTGR—SOEC operation,
including system sizing, heat recuperation and
efficiency, and load-following operation with external
energy sources and coordinated steam-supply and
electrolysis control.
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