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ABSTRACT

Nuclear-renewable integrated energy systems (IES) consist of a variety of energy generation and conversion technologies and can be used
to meet heterogeneous end uses (e.g., electricity, heat, and cooling demands). In addition to supply-demand balance, end-use heat
demands usually require heat supply of certain temperature ranges. The effective and efficient utilization of heat produced within an IES
is, therefore, a critical challenge. This paper examines design options of an IES that includes heating processes of multiple temperature
grades. We investigate a cascaded design configuration, where the remaining residual heat after high-grade heating processes [e.g., hydro-
gen production through high-temperature steam electrolysis (HTSE)] is recovered to meet the low-grade heating needs [e.g., district heat-
ing (DH)]. Additionally, a thermal energy storage system is integrated into the DH system to address the imbalance between heat supply
and demand. This paper primarily focuses on the design and modeling of the proposed system and evaluates its operation with a 24-h
transient process simulation using a DH demand profile with hourly resolution. The results indicate that the residual heat from the HTSE
exhaust is insufficient for the DH demand, and additional topping heat directly from the reactor process steam is needed. Furthermore,
the inclusion of thermal energy storage within the DH system provides the necessary balance between thermal generation and demand,
thereby ensuring a consistent rated temperature of the DH supply water. This approach helps minimize the control actions needed on the
reactor side.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0163557

NOMENCLATURE SOEC  solid oxide electrolyzer cell
Acronyms TES thermal energy storage

BOP  balance of plant
DH  district heating
HTSE  high temperature steam electrolysis t  index of time
HX  heat exchanger

Indices
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IES integrated energy system Variables
LWR  light water reactor
MWe  megawatt electric (unit of measurement of electricity pro- /s specific heat capacity of the DH working fluid/
duced by the balance of plant or electrical load) TES storage medium, kJ/(kg - K)
MWth  megawatt thermal (unit of measurement of heat produced h,HTSE/ DH.ext enthalpy of secondary coolant that exits the heat
by the reactor or heating load) - exchanger of HTSE/DH, J/kg
SG  steam generator K/ enthalpy of working fluid that exits/enters the
SMR  small modular reactor steam turbine, J/kg
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m*™  mass of the TES storage medium, kg
#PP¢ mass flow rate of the DH supply water, kg/s
M mass flow rate of steam bypassed to the condenser
through turbine bypass valve, kg/s
rh?op/ HISE/DH hass flow rate of steam supplied by steam mani-
~ fold to BOP/HTSE/DH, kg/s
/4 mass flow rate of the charging/discharging fluid of
the TES, kg/s
Mm@ mass flow rate of working fluid collected by con-
denser, kg/s
my  steam produced by the steam generators and
delivered to the steam manifold, kg/s
thm/ M2 mass flow rate of secondary coolant that enters
HX1/HX2, kg/s
™ hydrogen production rate, kg/s
rhi'” mass flow rate of steam to the steam turbine, kg/s
™" mass flow rate of the HTSE exhaust fluid bypaased
to the condenser, kg/s
PHTSE electricity consumed by the HTSE process, We
P;"e‘h mechanical power, KW
PR thermal power produced by the reactor, Wth
q‘t’em heat demand, Wth
g"™E heat absorbed by the HTSE process from the pro-
cess steam, Wth
tHXI/ HX2 " heat absorbed by the DH system through heat
exchangers HX1/HX2, Wth
q'®  heat transferred to the TES, Wth
To"  Rated return temperature of the DH system, °C
TPHou rated supply temperature of the DH system, °C
ot temperature of charging flow that exits TES, °C
TPH"  temperature of the DH working fluid before enter-
ing HX1, °C.
Ty infout temperature of discharging flow that enters/exits
TES, °C
T Hinfout temperature of working fluid that exits/enters the
DH, °C
TTES  temperature of the TES storage medium, °C
Ah!"" enthalpy difference across the turbine, J/kg
At simulation time step, s
pdis/ehar TES discharging/charging efficiency
n™"  turbine efficiency
I. INTRODUCTION

The Biden administration has set ambitious decarbonization

goals for the whole U.S. economy in 2050." Although total carbon
emissions of the electricity sector has dropped significantly, other
energy sectors, such as the industry and residential sectors, remain
large carbon emitters. In 2022, the residential and industrial sectors
accounted for 19% and 21% of the nation’s energy-related carbon
dioxide (CO,) emissions, respectively.l Particularly, the industrial sec-
tor is considered as a “difficult-to-decarbonize” sector, due in part to
the diversity and heterogeneity of industrial processes and operations.”
The generation and conversion of heat accounts for the largest share
of energy-related carbon emissions in both sectors: Space heating
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accounted for 36% of total residential carbon emissions in 2022,> and
process heating accounted for over 30% of total carbon emissions in
the manufacturing industry.” Finding carbon-free alternative heat
sources is therefore crucial in both sectors, as outlined in the U.S.
Department of Energy’s industrial decarbonization roadmap.*

Nuclear energy is a clean, carbon-free energy source that can pro-
vide both electricity and heat. Traditionally nuclear power plants are
primarily powered by large light water reactors (LWRs) that are used
as base load plants in power systems. In the recent decades, however,
nuclear power plants are losing popularity because of safety concerns
and because their advantages over other power plants are not valued
in electricity markets.” Operators of nuclear power plants are, there-
fore, exploring new paradigms to maximize their economic revenues.
Because there is no relevant cost saving in decreasing the electricity
production from nuclear power plants, an economic way to utilize
excess steam during off-peak periods is redirecting steam for alterna-
tive purposes.” These applications encompass various areas, including
desalination,” hydrogen production,” district heating (DH), and
cooling. %"

Nuclear-renewable integrated energy systems (IES) include mul-
tiple energy resources and conversion technologies to meet end-use
demands in a variety of forms, including but not limited to heat and
electricity. These systems typically consist of nuclear reactors, renew-
able energy sources, energy storage systems, and industrial processes
that are dynamically dispatched to meet end-use demands while maxi-
mizing energy utilization and minimizing environmental impacts.”"®
Coupled with other carbon-free subsystems, nuclear power can be
used to increase system reliability and resilience. For example,
although coal and gas dominate the fuels used for district heating his-
torically,'” several countries already have experience in nuclear district
heating.'® Alternatively, hydrogen has the potential to decarbonize tra-
ditionally hard-to-decarbonize sectors.'”* It can be used as a reducing
agent in place of coal or natural gas in the production of iron and steel
or used as a fuel in industrial boilers and furnaces to reduce the reli-
ance on fossil fuels. Although conventionally hydrogen is produced
predominantly via steam reforming, which is a carbon-emitting pro-
cess due to reliance on fossil fuels, electrolysis can be a carbon-free
alternative to produce hydrogen at high efficiency and high purity if
paired with clean electricity sources.”’

Unlike electricity, a key consideration in utilization of heat is
temperature, as different end-users require different temperature
ranges. Most LWRs operate in the region of 300 °C, while the temper-
ature of end-use heat demand varies significantly. For example, district
heating requires the temperature of heat supply, typically in the form
of steam or hot water, ranging from 60 to 150 °C.'****” Thermal desa-
lination requires a temperature range between 90 °C (multi-effect dis-
tillation”") to 110°C (multistage flash®) The temperature
requirements of hydrogen production, depending on the specific tech-
nology, range from 70 to 80 °C (polymer exchange membrane electrol-
ysis) to over 800 °C (solid oxide electrolysis).”**" Technical feasibility
must be evaluated before deployment of nuclear-renewable integrated
energy systems. For example, Kim et al.® conducted dynamic analysis
of planar solid oxide electrolysis coupled with an LWR and simulated
transient response of the integrated system.

Thermodynamics and techno-economic assessments of cascade
heat utilization can be found in the existing literature, which is mostly
focused on waste heat from fossil-fueled thermal generators.”
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These studies usually utilize waste heat to power a variety of technolo-
gies, including organic Rankine cycles, absorption refrigeration sys-
tems, and heat pumps.”” ' Previous studies have also examined
technical feasibility of SMR coupled with hydrogen production” and
district heating'>'” separately.

In this study, we model and simulate cascade utilization of steam
extracted from small modular reactors (SMRs) for hydrogen produc-
tion and district heating. SMRs, unlike conventional large reactors
with rated capacity greater than 700 MWe, are smaller in size, typically
less than 300 MWe, and are factory-manufactured transportable units.
They can be utilized in various applications such as electricity genera-
tion, desalination, and heat generation. SMR technology offers a vari-
ety of advantages over large LWR due to its relatively smaller capacity
and modularity. We develop physics model of an IES consisting of a
primary heating system (i.e., SMR), a balance of plant (i.e., turbine and
synchronous generator), a hydrogen production unit (ie., industrial
process), and a district heating system. We simulate the operations of
the proposed IES using Dymola, a transient simulation tool based on
Modelica programming language, under a set of operating strategies to
evaluate their impacts on system performance.

The remainder of this paper is structured as follows: Sec. IT out-
lines the design of the IES, including the modeling equations and con-
trol strategies used in the simulations presented in this paper. Section
111 presents the simulation results obtained under various operation
scenarios. Section IV concludes the study and discusses potential
future work.
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Il. DESIGN, MODELING, AND CONTROL

In this section, we describe the IES analyzed in this paper. The
design and integration of IES subsystems are discussed along with
their modeling equations. The control framework is provided along
with the equations to evaluate the control setpoints for various
subsystems.

A. The modeled system

The IES examined in this paper consists of six subsystems: a
small modular reactor, a steam manifold, the balance of plant (BOP), a
high temperature steam electrolysis (HTSE) process, a district heating
network, and a connected electrical grid. HTSE is an industrial process
that consumes heat and electricity to produce hydrogen at high tem-
peratures (over 800 °C).° By contrast, DH is a low-temperature appli-
cation that consumes heat to produce hot water (at around 90 °C) to
meet the district heating needs.”” The architecture of IES is depicted in
Fig. 1. The arrows in Fig. 1 symbolize the transfer of mass and energy
between various subsystems. The presence of heat exchanger interfaces
on the SMR, HTSE, and DH systems means that only heat is
exchanged between the SMR’s secondary coolant flow and these par-
ticular subsystems.

To model the system components, we utilize the Modelica pro-
gramming language within the Dymola environment.” Existing
transient-process models of the SMR, HTSE, steam turbine, and BOP
are used from the HYBRID repository developed by the Idaho National

Excess flow to the Condenser

== Electricity
=== Low-grade heat (TES)

District Heating

L_. > )
ceccoe L XX q‘/'c“
Steam Electric Grid
Manifold Balance of Plant
A
| (]
Small Modul
e ular : I Vol
eactor Fe-- — ,
'
pesss e senn S e = es e ! vy v : "4. “') #
| == High-temperature steam | [ ®* D
| ===p LOw-temperature steam i " o o @ 3
| = = =p Return secondary flow ! aT High Temperatur.e H
| i - Steam Electrolysis 2
| |

=3 Hydrogen

FIG. 1. Block diagram of the IES system. High-temperature process steam is generated in steam generators of the SMR and flows to the steam manifold, which distributes it
to the BOP, HTSE, and DH systems. After releasing heat in the end-use devices, the process steam condensed to water, flows back to the SMR steam generator as feedwater,
and completes a cycle. Note that the process steam supplies thermal energy to the HTSE and DH systems via heat exchangers and there is no mass exchange.
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Laboratory.”” Furthermore, new models have been developed for the
DH system which incorporates a sensible-heat thermal energy storage
(TES). These subsystems are detailed in the following subsections:

1. Small modular reactor

SMR serves as the primary energy source for the IES. We employ
the NuScale reactor, which is a 60 MWe (200 MWth) LWR-type
SMR. This technology is widely recognized as one of the most mature
SMR technologies in the United States.””* The heat generated by the
SMR through nuclear fission is harnessed to produce high-
temperature process steam. The steam is then utilized for electricity
generation in the BOP, as well as to provide thermal energy to both
the HTSE process and the DH system.

Figure 2 illustrates a cross-sectional view of the NuScale reactor
module. The NuScale reactor is a pressurized reactor vessel consisting
of the primary coolant system and two steam generators. The primary
coolant system includes a reactor core, a pressurizer, a hot-leg riser
and a cold-leg downcomer.” The reactor core consists of fuel and con-
trol rod assemblies. The heat produced inside the core is absorbed by
the primary coolant. Two vertical, once-through, helical coil steam
generators are situated between the hot leg riser and the outer wall of
the reactor module. Secondary coolant feedwater is pumped through
these steam generator tubes, extracts heat from the primary side, and
produces high-temperature process steam. Through the steam genera-
tor metal interface, only heat is transferred from the primary to the
secondary coolant, while maintaining mass balance on both sides. The
primary coolant circulates passively within the vessel, driven by
the natural buoyancy force resulting from temperature variations
across the primary coolant circuit.

We utilize an existing Modelica model of NuScale reactor avail-
able in HYBRID.”” The modeling details of NuScale reactor can be

Steam out

Pressurizer —

Steam generator
Secondary

s coolant

Control rod ——

Reactor core
Cold leg

Reactor pressure
vessel

| I

Feedwater in

FIG. 2. NuScale SMR module.
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found in its user manual.”® Under rated full power conditions (200

MWth), the NuScale reactor produces 84kg/s of high-temperature
steam at 310 °C. The feedwater is supplied at 148 °C and 3.77 MPa.

2. Steam manifold

The steam manifold comprises splitting volumes, valves, and
pipes to distribute the process steam to different downstream IES pro-
cesses. In our study, the steam manifold distribute steam to three
downstream processes: BOP, HTSE, and DH system. The valves are
regulated based on the steam demand from the processes.

3. Balance of plant

The BOP encompasses a turbine-generator setup designed to
generate electricity using high-temperature steam. The steam turbine
extracts thermal energy from the pressurized steam generated inside
the SMR and converts it into mechanical work. The synchronous gen-
erator then converts this mechanical power into electric power. The
generated electricity is either supplied to the HTSE for hydrogen pro-
duction or directly to the grid. The BOP also includes a turbine control
valve to regulate the steam flow to the turbine and a bypass valve that
redirects excess steam directly to the condenser. The turbine control
valve adjusts based on the electricity demand, while the bypass valve is
controlled using a pressure sensor signal.

We leverage an existing BOP model from the HYBRID reposi-
tory.” This model includes additional components such as the con-
denser, pump, and feedwater heater as part of the BOP subsystem.
The condenser receives the exhaust from the steam turbine, the flow
from the bypass valve line, and cold returns from the HTSE and DH
systems. Its function is to condense the fluid mixture into a liquid
phase. The resulting liquid is then pumped, preheated, and supplied to
the steam generators of the SMR.

At rated capacity in electricity-only mode, the steam turbine con-
sumes 84 kg/s of high-temperature steam to produce 60 MWe of elec-
tricity. The turbine exhaust is maintained at 0.01 MPa (45.8°C). At
such low temperature, the thermal energy remaining in the two-phase
mixture at the turbine exhaust is not suitable for any heating applica-
tions. The condenser condenses the fluid mixture into liquid state at
0.01 MPa, which is then compressed to 3.77 MPa. The resulting feed-
water is preheated to 148 °C and directly supplied to the tube side of
the steam generators in the SMR.

4. High temperature steam electrolysis

The HTSE process utilizes heat and electricity to split water into
hydrogen and oxygen. This occurs within solid oxide electrolyzer cell
(SOEC) stacks comprising cathode, anode, and electrolyte layers.”’
The heat available in the high-temperature steam from SMR is
employed to preheat de-ionized water to slightly more than 250 °C.
Because the required temperatures are 850°C for both the cathode
and anode streams at the SOEC stack inlet, the preheated water is fur-
ther heated by recovering heat from streams exiting the SOEC stacks
(750°C at both the anode and cathode outlets) and by electrical top-
ping heat, resulting in steam at the desired temperature of 850°C.”
The steam is then split into hydrogen and oxygen within the electro-
lyzer vessel using electrical power.
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The HTSE model available in the HYBRID repository” ™’ is uti-
lized, with modifications made to match the steam conditions pro-
duced by the SMR. The nominal conditions of the ports, including
pressure, temperature, mass flow, etc., are adjusted to align with the
steam output from the SMR.

Under nominal conditions, the HTSE system receives 7.23 kg/s of
high-temperature process steam from the steam manifold and 53.3
MWe of electricity to produce 0.4kg/s of hydrogen. Based on our
observations from the HYBRID model, the SMR’s secondary coolant
fluid returning from the HTSE process has a temperature of 230 °C.
Therefore, the residual heat in the HTSE return can be recovered and
utilized in low-temperature applications such as district heating, which
will be discussed in greater detail in Sec. II B.

5. District heating system

The DH system utilizes thermal energy from the IES to meet
local heat demands. The DH system distributes hot water through
insulated pipelines to deliver heat to end-use residential and commer-
cial facilities. This can include facilities owned by the IES itself, as well
as any local consumers that the IES can support.

To enable efficient heat management, the DH system includes a
sensible-heat thermal energy storage (TES) system. The TES is an
insulated water storage tank designed to store excess thermal energy
during periods of low heat demand and dispatch during periods of
high demand. The TES is a cylindrical shape stratified thermal storage
tank, modeled as four volume segments with a total tank volume of
1000 m®. The storage medium is vertically arranged in these four
layers with different temperatures.”*"” Water is used as the storage
medium to retain and release heat.

The heat demand is modeled as a lumped heat load with a vari-
able flow rate. The supply temperature is maintained at 90 °C, while
the return temperature is set at 40 °C. The DH flow rate varies based
on the heat demand at different times of day. The DH system can
source heat from the topping steam supplied directly by the steam
manifold (310 °C) or from exhaust of the HTSE process (230 °C). The
design and modeling equations of the DH system are discussed in
detail in Sec. I1 C.

6. Electrical grid

In the HYBRID model, the electrical grid is represented as an
infinite source and sink to simulate the behavior of a large grid. Any
surplus electricity generated by the IES is absorbed by the electrical
grid at market price. Likewise, if the electricity produced by the BOP is
insufficient to meet the electricity demand of the HTSE process, addi-
tional electricity is drawn from the grid to compensate for the
deficiency.

B. Cascaded heating design

The IES analyzed in this paper includes two heat applications:
HTSE and DH. HTSE operates at high temperature, while DH
operates at low temperature. As discussed in Sec. II A, there is
residual heat at the exhaust of HTSE process which can be recov-
ered and utilized for district heating. Note that the HTSE exhaust
here refers to the SMR secondary coolant fluid returning back
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from the HTSE after pre-heating the water undergoing electrolysis
inside the HTSE vessel.

Based on our observations from the HYBRID model, the coolant
return at the HTSE exhaust has a temperature of 230 °C. According to
our simulations, average of 270 k] of heat can be recovered by the DH
system for each kilogram of fluid from the HTSE exhaust.

Based on this information, we design the IES in a cascaded heat-
ing configuration, where the HTSE and DH systems are connected in
a tandem structure. The HTSE system receives the direct process
steam from the steam manifold, while the DH system is fed with the
fluid return from the HTSE exhaust. The DH system also receives a
direct supply of steam from the steam manifold to provide the topping
heat, but this is only used when the heat available from HTSE is insuf-
ficient. The DH system is thus equipped with two heat exchangers
(HXs): one to recover heat from the HTSE exhaust and another to
provide topping heat from a portion of the steam extracted directly
from the steam manifold (Fig. 3). Further details on DH system model
will be discussed in Sec. I1 C.

C. Mathematical formulation

This subsection focuses on the modeling of the district heating
system and its integration with other components of the IES. Since we
are utilizing existing SMR, BOP, HTSE, and electrical grid models
from the HYBRID repository, we have excluded their detailed model-
ing in this paper.

1. Steam manifold and secondary coolant

The preheated feedwater enters the tube side of the steam genera-
tor (SG), undergoes a phase change, and transforms into steam by
absorbing heat from the primary coolant. This heat is equivalent to the
thermal power generated within the reactor core. Therefore, the

e
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FIG. 3. Mass and energy flow in the DH system. Two heat exchangers, HX1 and
HX2, are used to transfer heat to the DH system from HTSE exhaust and topping
steam, respectively. A sensible-heat TES is used to store surplus heat during peri-
ods of low demand and release it when demand is high.
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thermal power produced in the reactor core and delivered to the sec-
ondary coolant can be expressed as follows:

PR = g (b — ). )

The resulting steam generated by the SG is received by the steam
manifold and is distributed to the HTSE, DH, and BOP systems. The
mass flow balance in steam manifold is given as follows:

mt _ m?OP +Ti’l?TSE _‘_m?H (2)

Within the BOP, a turbine valve is operated to regulate steam
flow to the steam turbine, and the excess steam is redirected to the
condenser using a bypass valve (1%). The mass flow distribution
inside the BOP is

m?OP tur+mt . (3)

The steam turbine converts thermal energy into mechanical
power (P"). The mechanical power is, therefore, a function of
enthalpy difference across the turbine (Ah!") and steam flow rate
(mtur),

P;”“h turAhtur tur ) (4)

The amount of hydrogen produced by the HTSE process is a
function of heat extracted from process steam and consumed
electricity,”"

HTSE HTSE HTSE ext
q; = 1in; (h‘tmt — b, (5)

g = f(P{TE, ™). ®)

The condenser located inside the BOP receives the return flow
from turbine, bypass valve, DH system, and HTSE (flown through the

DH system). The mass flow received by the condenser (m“’”d), there-
fore, equals 1§’
d HTSE.
M = i = ™ P 4 (7)

2. District heating system model

The configuration of DH system is illustrated in Fig. 3. The DH
system, including of two HXs in a cascade, is capable of utilizing heat
from two different sources. The first heat exchanger, HX1, recovers
the heat from the exhaust of the HTSE, while the second heat
exchanger, HX2, provides the topping heat to meet the DH supply
temperature requirements. A direct bypass line is also provided to
HXI1 to divert the flow directly to a condenser bypassing DH system
(f}™*) in case the heat available in HTSE exhaust exceeds the DH
system demand. The mass flow balance equation for the HTSE
exhaust line can be expressed as

mHTSE _ mHXl + m;mste. (8)

The heating fluid supplied to HX2 is the topping steam extracted
from steam manifold for the DH system

mfIXZ = m?H. 9)

The thermal power extracted from the HTSE exhaust and top-
ping steam in HX1 and HX2, respectively, are given by
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qf{)ﬂ HX](hHTSE«,ext _ h?H,ext)7 (lOa)

qf-IXZ _ HX2 (hout htDH,eﬂ)‘ (IOb)

The DH system includes a dedicated sensible-heat TES in the
form of a hot water storage tank. The TES stores excess heat during
low-demand periods and releases heat during high-demand periods.
Separate structures are incorporated within the TES for charging and
discharging.

The amount of heat absorbed and released by the TES during
charging and discharging processes dependents on the temperature of
the TES at a given time. During the charging process, a fraction of the

hot water exiting from HX2, denoted as md””, is directed to the TES.

The charging flow supplied to the TES at temperature T, " returns

at T™“. This flow then combines with the flow returning from the
DH load at flow node N1, elevating the temperature to T,D "
During the discharging phase, a portion of feedwater, denoted as

m®, is supplied to the TES for preheating. The discharging flow is

supplied to the TES at temperature T, and returns at T.**'. This
preheated portion of feedwater then combines with the remaining
flow at node N3, raising the temperature of the feedwater entering
HX1 to TPH'. The average temperature of the TES can be calculated as

TES _ Cp(mchar(TtDH,out _ TtC,aut) _ YhdiS(TtD’aw _ TtD,in)), (lla)

n t
TES TES A a™
t
Tt+1 T + JO cStrpstr dt. (1 lb)

Note that there are four layers of storage medium inside the TES.
The temperature described by (11b) is the average across all four
layers. The resulting temperatures of DH pipeline water at different
heating stages are as follows:

.DH,in - pij . C,out
T ,lﬂmItJIPE_’_m:‘hurT ou

" = : (12a)
£ m};’Pe + mﬁhur ’
qor _ AT 4 (T 4 - T
t B ml;ipe + mihar ’
HX1 HX2
4 +
DPH.out _ TtDH q: q: (120)

o (i )

For modeling simplicity and control flexibility, a cooler is placed
in the charging line between the TES and node N1. This cooler will
lower the temperature of charging flow return down from TC™ to
TPM™, which is set at 40°C for the purpose of this paper.

Consequently, the following equality is maintained:

TtD,in _ TtC,aut _ TtDH’in. (13)

D. Control framework

The IES subsystems are operated with the objective of maximiz-
ing revenue through electricity and hydrogen generation while fulfill-
ing local heating requirements. This paper presents a novel design
configuration that connects the HTSE and DH applications in a cas-
cade arrangement, aiming to enhance system efficiency and perfor-
mance. The focus is on developing a control strategy for this
configuration to ensure the DH system meets demand constraints by
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regulating steam distribution in the steam manifold and controlling
TES charging and discharging. The optimization problem to maximize
revenue will be addressed in future research.

The heat recovered from the HTSE exhaust in HXI may not
always be sufficient to meet the heating demand. To address this, an
additional line is extended from the steam manifold to directly supply
topping steam to HX2. However, controlling this direct steam can
impact the secondary flow distribution and introduce unwanted tran-
sients to the secondary side of the SMR. Therefore, it is desirable to
limit the number of control actions and manage short-term energy
balance by controlling the TES. In this paper, we assume that the top-
ping steam can be adjusted once per day. The daily setpoint for the
topping steam will provide the deficit net energy to maintain the DH
supply at the target temperature. The setpoint for the topping steam
flow toward DH system " for the interval 0 to 7 is given by

. 0 if JO qXtdr > JO grmdt,
T g — g (o
0
TP

The charging and discharging mass flow rate of the TES is then con-
trolled to satisfy supply-demand balance at every time step.
Specifically, the thermal energy storage (TES) charges by storing excess
thermal power when the heat available from the exhaust of HTSE,
gMX1, and topping steam, "2, exceeds the demand, ¢#. On the con-
trary, TES discharges by releasing thermal power when the sum of
gMX! and g2 is less than g%". Given the thermal power utilized
from the HTSE exhaust (¢/X") and the topping steam (g/™?), the con-
trol setpoints for TES charging and discharging mass flow rates are

given by

otherwise.

0 if g™ + g™ < g,
I’i’lfhm _ q{-IXl + quXZ _ q;iem (15)

d’nfh“’(TPH’”“t ety otherwise,

glem — gHhx1 _ g P

_ f ] ' £ HX1 | HX2 e

s i (TP TP if g + g, < g, (16)
0

otherwise.

Equations (14)—(16) are used to calculate the setpoints for the topping
steam supplied to the DH system, as well as the charging and discharg-
ing flow rates for the TES in the scenarios presented in Sec. I1I.

Ill. CASE STUDIES

In this section, the simulation of the integrated energy system
with cascaded heating applications is presented. The objective is to
maintain a desired DH supply temperature through the utilization of
the exhaust steam from the HTSE, the topping steam directly extracted
from the steam manifold, and the TES. We examine the feasibility of
this design by considering a varied 24-h DH demand profile as shown
in Fig. 4.

Figure 4 shows the DH demand in terms of mass flow rate of the
working fluid. This demand can be converted into heat demand in
kWth as

d . pipe DH ,out DH.in
qtem = ml;P CP(Tmt — T )7 17)

ARTICLE pubs.aip.org/aip/rse
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Time [h]

DH mass flow rate demand [kg/s]

FIG. 4. The 24-h district heating demand profile in terms of mass flow rate. Data
source: Poudel and Gokaraju.'”

where T — 90 and T = 40°C are the rated supply and

rat rat
return water temperatures of the DH system.

A. Simulation overview

The case studies explore the operation of the IES described in
Sec. II. To validate our hypothesis that the residual heat from the
HTSE exhaust can be used for DH application, we have developed an
IES model with cascaded heating design. In this design, the DH system
is fed with heating fluids from HTSE exhaust at HX1 and topping
steam from steam manifold at HX2 and has a thermal energy storage
to provide balance and maintain temperature quality on a continuous
basis. The IES model is developed using the Modelica programming
language in the Dymola environment. Dymola is a multi-domain
modeling and simulation environment that enables creation and simu-
lation of complex physical models that integrate different domains
such as mechanics, electrical, thermal, and fluid systems.”

The heat demand used in our analysis is drawn from Poudel and
Gokaraju,'* and we scaled it down to match the rated capacity of our
IES components.

We have simulated three different scenarios to validate the
hypothesis. In scenario 1, we have utilized only the exhaust steam
from HTSE at HX1 for the DH system. In scenario 2, we supplement
the exhaust steam from HTSE by extracting a certain amount of top-
ping heat (topping steam) directly from the steam manifold to meet
the energy requirement of the DH system. In scenario 3, we utilize the
TES, in addition to the heat from the HTSE exhaust and topping
steam from the steam manifold, to maintain the desired DH supply
temperature. The details of the simulation results are presented in the
following subsections.

B. Simulation results

The system is simulated for 24h with the DH demand profile
shown in Fig. 4. Because the objective of this paper is to demonstrate
the modeling and simulation of the cascaded heating design to support
the district heating demand, we have kept the SMR thermal power
generation and the HTSE process at a constant rated condition
throughout the simulation period in all three scenarios. This means
that the steam generators produce constant 84 kg/s of steam flow at
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FIG. 5. Mass flow rates of the HTSE exhaust steam and the topping steams sup- Ale5 0 el g2 U OEN R T [ TUE AL G

plied to the DH system.

As shown in Fig. 5 the mass flow rate from HTSE exhaust for sce-
nario 1 is 7.23 kg/s, which is same for other two scenarios. However,
the mass flow rate of the topping steam from steam manifold for sce-
nario 1 is zero.

When relying solely on the heat from the HTSE exhaust, the heat
supplied to the DH load is always less than the heat demand, as shown
in Fig. 6. As a result, the supply temperature fluctuates around 70 °C,
as shown in Fig. 7. This clearly shows that the heat recovered from the

310 °C. The HTSE process extracts 7.23 kg/s of process steam and con-
sumes 53.3 MWe of electricity throughout the 24-h period. A small
portion of the topping steam produced by the steam generator is sup-
plied as topping steam to the DH system (in scenarios 2 and 3), while
the remaining steam is directed to the BOP to generate electricity.
Figure 5 presents the mass flow rates of the process steam to
HTSE (M?TSE) and topping steam flow to the DH system (r'n? Y for
all three .scenarl(.)s. In all three sc.enarl.o ?}thhier.lt},r&ﬂow. from HISE HTSE exhaust alone is not sufficient to meet the DH demand, and the
exhaust is supplied to the HX1 (ie., i, = ri1,’">"). Figure 6 plots DH . ) es. falline below the desired .
the actual thermal energy supplied to the DH load during the simu- temperature continuously varies, falling below the desired temper

lated 24-h period along with the actual thermal energy demand (qd‘?’”) ature (ie., 90 °C). The return temperature remains constant at preset
) . . ! alue of 40 °C.
d th d. Figure 7 plots and the DH suppl v
g e S R oury | Doi© / POIS and compares thz PP Y The results indicate the need for additional heat input to main-

DH, \DH i
temperatures (T,""*") and DH return temperatures (T, ") for the tain the DH supply temperature at 90°C.,

three scenarios.

1. Scenario 1: Cascaded heat recovery 2. Scenario 2: Supplementing with the process heat

In this scenario, we investigate the use of exhaust steam from
HTSE for district heating in the IES. The DH system relies on the heat
recovered from the HTSE process and assume that no other heat is
added. The objective is to determine whether the recovered heat from
the HTSE process is adequate to meet the DH load profile shown in
Fig. 4.

The results from scenario 1 showed that the residual heat from
the HTSE exhaust alone is not sufficient to meet the given heat
demand. Therefore, in this scenario, the DH system extracts a small
quantity of steam (topping steam) from the steam manifold at HX2.

The topping steam flow setpoint for the DH system (si") is cal-
culated using Eq. (14) to compensate for the energy deficit. As

explained in Sec. ITA, this topping steam flow remains constant
‘ ' ' x ' - throughout the day to minimize control actions on the SMR side.

ctual heat (Scenario 2) . ! .

Actual heat (Scenario 3) As depicted in Fig. 5, the mass flow rate of HTSE exhaust sup-
plied to the DH system remains constant at 7.23kg/s, which is the
same as in scenario 1. However, the topping steam flow is increased to
0.69 kg/s. As a result, the heat supplied to the DH system in scenario 2
is greater than in scenario 1, as shown in Fig. 6. However, it still fails to
meet the heat demand during peak periods and exceeds the required
heat during low-demand periods.

Compared to scenario 1, the additional heat from the topping
_— steam elevates the DH supply temperature to near 90 °C, which is our
l . . . l target setpoint. However, the DH supply temperature occasionally falls
0 4 8 12 16 20 24 below the desired setpoint, particularly during peak hours, due to

Time [h] insufficient heat supply during those periods. The simulation results
show that while the supplementary steam from the SMR can increase
FIG. 6. Heat demand and the actual heat supplied to the DH system. the DH supply water temperature to around 90 °C, the temperature

Heat flow demand
Actual heat (Scenario 1)

o)}
T

Heat flow rate [MWth]
[O%} BN W

[\
T
L
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fluctuates over time around the desired setpoint due to temporal varia-
tions in the DH demand.

3. Scenario 3: Using thermal energy storage

The scenario 2 results show that relying solely on the heat from
the HTSE exhaust and topping steam cannot maintain the DH supply
at a desired temperature to meet the expected end-use heat quality.
This scenario therefore investigates the role of TES to provide the nec-
essary energy balance in order to regulate the DH supply temperature
at a desired level. The simulation is performed using the same 24-h
DH demand profile as in the previous scenarios. The mass flow from
HTSE exhaust and topping steam toward the DH system are kept
unchanged from scenario 2. However, the TES is activated to absorb
excess heat during low demand periods and release it during high
demand periods.

Figure 8 plots the charging and discharging mass flow rates of
the TES during the 24-h simulation. The charging and discharging
flow profiles closely follow the hourly setpoints. The charging and dis-
charging flow setpoints shown in Fig. 8 are calculated with an hourly
interval using Eqs. (15) and (16). By comparing Fig. 8 with the
demand profile in Fig. 4, we observed that charging actions mainly
occurs during low-demand periods, whereas discharging actions occur
during high-demand periods. Figure 6 shows that the heat demand
from the DH system is consistently fulfilled in this scenario with the
help of TES.

Similar to the previous scenarios, the supply and return tempera-
tures of the DH system are visualized for the 24-h simulation period as
shown in Fig. 7. The plots shows that the supply temperature is consis-
tently maintained close to 90 °C (i.e,, the target temperature) through-
out the 24-h period.

The simulation results show that by using TES, the DH supply
can be maintained at a desired temperature. The charging and dis-
charging of the TES are coordinated, storing excess heat during low
demand periods and releasing it during high demand periods. Due to
this intermittent charging and discharging processes, the temperature
of different layers of TES storage materials fluctuates over time, as
shown in Fig. 9. It can be seen that the temperature of the two hot
layers increases, while the temperature of the two cold layers decreases
by the end of the 24-h period. Additionally, the average temperature

*  Chrg setpoint ~ ——— Chrg flow

— Dischrg setpoint Dischrg flow
@26
on
=
8
£ 4
2
o
=
w 2
72}
<
=

0 E

0 4 8 12 16 20 24

Time [h]

FIG. 8. Hourly setpoints and actual mass flow rate profiles of charging/discharging
flows of the TES in scenario 3.
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FIG. 9. Temperatures of the working fluid of different TES layers during the 24-h
simulation in scenario 3. Note that we use the average temperature T to calcu-
late charging and discharging flow serpoints for simplicity [see Egs. (11) and (12)].

TTES at the end of the simulation is slightly lower than that at the start
of the simulation. This temperature offset can be reduced by imple-
menting more accurate setpoint controls.

In summary, by using TES in addition to the heat from HTSE
exhaust and topping steam, we are able to maintain a desired DH sup-
ply temperature, thereby improving the efficiency and flexibility of the
IES system.

IV. CONCLUSION AND FUTURE WORKS

This study investigated the technical feasibility of using IES to
meet end-use heat demand of a district heating network by cascaded uti-
lization of process steam from an SMR. In the proposed heating design,
we used residual heat from the HTSE exhaust in combination with the
topping heat from a small amount of steam extracted directly from the
steam manifold to provide heat to the DH system. TES is used to main-
tain supply-demand balance and regulate DH supply temperature at a
desired level. We developed a high-fidelity physics-based model of the
IES using the Modelica language and conducted 24-h simulations to
evaluate the proposed design. We investigated three different scenarios
to evaluate the feasibility and effectiveness of the proposed design.

Our study concluded that the integration of an IES with cascaded
heat utilization and TES presented a promising solution for efficiently
meeting district heating demand and providing a stable heat supply.
By combining the residual heat from HTSE exhaust and supplemen-
tary heat from the steam manifold, our proposed design enabled an
effective utilization of energy resources and resulted in enhancement
of the flexibility and reliability of the integrated energy system.

Specifically, our investigation involved three different scenarios
to evaluate the feasibility and effectiveness of the proposed design. In
scenario 1, we found that relying solely on the residual heat at the
HTSE exhaust was insufficient to meet the DH demand, and the DH
supply temperature fell below 90 °C. In scenario 2, the addition of sup-
plementary heat from the topping steam successfully met the net
energy requirement, but the DH supply temperature fluctuated due to
varying demand. In scenario 3, the incorporation of TES proved to be
instrumental in regulating the DH supply temperature and maintain-
ing a stable and constant heat supply throughout varying demand
profiles.
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In the future, we will develop an optimal operation framework to
optimize the steam distribution across all IES components, including
DH, HTSE, and BOP, considering variable DH demand and fluctuat-
ing prices of hydrogen and electricity. By implementing this optimiza-
tion framework, we will gain valuable insights into the design and
operation of practical integrated energy systems and ensure efficient
and cost-effective utilization of energy resources. Furthermore, we will
explore steam extraction from multi-stage turbine setup to improve
the efficiency of Rankine cycle and maximize overall heat utilization.
This research will advance nuclear-powered IES for reliable and effi-
cient electricity generation and heat usage. In addition, we will investi-
gate the impacts of both short-term and long-term heat demand
variations on the temperature distributions in the thermocline TES, as
the effects could provide valuable insights into system efficiency and
economic performance.”"*
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