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Abstract

Traditionally, nuclear power plants in the US. provide baseload power to the power grid
because they have less flexibility for ramping their output power than natural gas peaking
plants. However, achieving climate goals to reduce the consumption of fossil-based nat-
ural gas places pressure on nuclear power plants and other power generators to tamp up
their power output to balance grid generation with demand. This paper presents the mod-
elling and performance analysis of a nuclear reactor system (NRS) coupled to a liquid-metal
battery (LMB) to improve its dynamic response and enable its black start capability. The
NRS and LMB thermal behaviour are modelled in Dymola, while the electrical dynamics
of the LMB and power gtid are modelled in RTDS-RSCAD. Both simulation platforms are
coupled and share their thermal and electrical data using a Transmission Control Proto-
col/Internet Protocol (TCP/IP) communication protocol. The dynamic performance of
the NRS-LMB integration is tested on the IEEE 9 bus, which demonstrates its ability to
respond and provide frequency and voltage regulation. The black start capability of the
NRS-LMB is also evaluated by simulating a grid outage and using the LMB to supply the
auxiliary loads required to bring the NRS back online as soon as possible. The results show
that coupling an NRS to an LMB improves the system dynamic performance and enables
it to black start after being disconnected from the grid for several days.

a promising option, considering that it provides stable power
with a capacity factor typically over 92% [4]. However, nuclear

To meet carbon emission goals, researchers are studying new
ways of integrating clean energy systems to maximize efficiency
and improve system flexibility. Recent large-scale implementa-
tions of solar and wind farms have rejuvenated the interest
in renewable energy, driving down the costs of low-carbon
electricity and utilizing domestically sourced alternatives to
imported fossil fuels [1, 2]. Nevertheless, the intermittent nature
of renewable energy is a source of instability in the grid and price
fluctuations in the electricity market. For example, the capac-
ity factor of wind and solar energies are less than 35 and 25%,
respectively. Many options are being explored to provide flex-
ibility to grid power systems, such as deploying dispatchable
loads and utilizing electric vehicles as additional grid storage.
A previous work showed that dispatchable clean hydrogen pro-
duction can improve grid resilience [3]. Nuclear power is also

reactor systems (NRSs) are not usually able to make large, rapid
adjustments to the power they provide to the grid to help bal-
ance power generation and demand. A promising solution is to
couple NRSs to dynamic energy storage systems, so that the
integrated system can rapidly dispatch power to the grid and
store excess energy during low demand periods [5]. By integrat-
ing NRSs with energy storage systems, it is possible to respond
to grid dynamics reliably and effectively by storing and releasing
energy as needed during peaks and troughs as a buffer between
generation and demand. This approach allows nuclear reactors
to operate stably near their rated capacities where they are the
most profitable while also participating in energy arbitrage for
improved economics. Energy storage may also enable integrated
NRSs to participate in multicommodity markets [6]. Addition-
ally, the integration of energy storage systems with NRSs could
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potentially ensure the availability of electrical power supply for
its safety systems during safe shutdown or upon undesired
events. Adequate power supply would fulfil the need for remov-
ing the decay heat, which is one of the main issues of nuclear
reactor safety in the case of reactor shutdown [7]. According to
[8], nuclear power plants can also be optimally located to ensure
its internal loads can be powered from an off-site power system
to ensure the continuity of power supply to the reactor power
plant. This is necessary after any trip in order to prevent the
reactor core from melting,

For this analysis, we selected a high-temperature gas reac-
tor (HTGR) coupled to a supercritical CO2 (sCO2) Brayton
power cycle as the NRS due to the HTGR’s high operating
temperature, which can provide high-quality heat for a range
of industrial processes, such as hydrogen production, desalina-
tion, synthetic fuel production, district heating etc. HTGRs also
have key safety features, including their use of inert helium as
the heat transfer fluid and inherent safety in the event that reac-
tor coolant is lost [9, 10]. We chose the sCO2 Brayton cycle for
the power cycle due to its potential to yield high thermal effi-
ciencies at lower capital costs than steam-based power cycles.
Maintaining the working fluid near its critical point results in
higher densities, which reduces the size of equipment and also
the input power needed during the compression step [11, 12].

The energy storage system chosen for this analysis is a
liquid-metal battery (LMB). This technology deploys two metal
alloys, separated by a molten-salt electrolyte, resulting in an elec-
trochemical reaction that allows electricity to be stored and
discharged. LMBs can provide a large amount of current flow
for fast frequency and voltage response and have a long duration
storage capability suitable for reserve electricity markets. Unlike
lithium-ion batteries, LMBs are not as sensitive to temperature
variations. They do not explode or exhibit thermal runaway
leading to uncontrolled combustion. They can withstand over-
charging, overdischarging, and sudden short circuiting with a
very low risk to safety. Because their electrodes and electrolytes
are in molten state, LMBs have very fast diffusion and reaction
kinetics, making them attractive for applications that requite
fast charging and discharging [13]. The liquid state of LMBs
provides them with a self-healing capability so that they can
potentially operate for long time periods with very low or no
degradation [14].

Further benefits of LMBs atre that they are made of envi-
ronmentally friendly and abundant materials, such as calcium,
magnesium, and antimony, and the manufacturing process is
relatively simple [15—17]. According to one commercial man-
ufacturer [18], LMBs are projected to cost 30—50% less than
lithium-ion systems of the same size and configuration. A key
factor in the lower cost of LMBs is their ability to operate in
hot environments with very little auxiliary electricity. These fea-
tures, along with their potential high efficiency [19] and flexible
scalability [20], make them attractive for grid-scale applications.

In this work, dynamic integrated models are used to explore
coupling an LMB to an NRS for improved dynamic pet-
formance of the integrated system. The main contributions
are:

* Development of physics-based dynamic models for an NRS
(HTGR and sCO2 Brayton cycle) and an LMB. The designs
for all components are based on published literature such that
they are robust, scalable, and reproducible.

* Integration of HTGR, sCO2 Brayton cycle, and LMB models
as a combined power plant through co-simulation. The cou-
pling of these models allows for accurate dynamic thermal
and electrical analysis of the entire system.

* Analyses of case studies with a coupled NRS-LMB system
for grid services and black start capability. The results show
the ability of the NRS-LMB system to provide fast frequency
and voltage regulation as well as the black start capability for
remote or challenging applications in which grid power may
not always be available.

In this paper, Section 2 presents the system overview and
proposed approach, Section 3 presents the model development
of the NRS and LMB, Section 4 describes the integration of
the models using two different simulation platforms, Section 5
presents an analysis of the model performance, and Section 6
describes our conclusions and potential for future work.

2 | SYSTEM OVERVIEW AND
PROPOSED APPROACH

Dynamic models of an HTGR, an sCO2 Brayton cycle, and the
thermal components of the LMB were developed in Dymola.
All of these system-level models were developed as standalone
models for ease of design and were connected to each other
using ports. The HTGR model was based on Japan Atomic
Energy Research Institute’s HTGR-gas turbine (GT) concept,
and model details can be found in [21]. This model was chosen
because its operating conditions are readily available compared
to other high-temperature reactors. However, the model was
scaled down to an output of 20 MWt to simulate a microre-
actor. The decisions to analyze the system at a scaled level were
due to the opportunities microreactors ate expected to provide
in the near future. These include faster, cheaper, and more effi-
cient production of reactor modules, scalability, safer operation,
and rapid deployment as an emergency response to help restore
power in areas affected by natural disasters. The sCO2 Bray-
ton cycle model was based on a generic recompression system,
the details of which were acquired from [22]. The power cycle
was scaled down equivalently to couple with the reactor model.
The scaled mechanical power from the sCO2 turbine in Dymola
is provided to a synchronous generator in RTDS that converts
mechanical power to electricity. The LMB model was devel-
oped in two parts. One part analyzed the thermal aspect and
was modelled in Dymola, while the other analyzed the electrical
aspect and was modelled in Simulink and RSCAD. The electrical
model of the LMB is coupled to the Dymola-based turbine out-
put through a transformer, transmission lines, and converters.
The overall LMB capacity was set to be 20 MWhe. A schematic
of the proposed integration between the HTGR, sCO2 power
cycle, LMB, and grid is shown in Figure 1.
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FIGURE 1 Schematic of the proposed integration of HTGR, sCO2
power cycle, and LMB.

The red connecting lines indicate thermal energy flow while
the green connecting lines indicate electrical energy flow. As
shown in Figure 1, heat from the microreactor is transferred
to the sCO2 power cycle via a secondary loop that contains
a gas—gas heat exchanger. The coolant within the primary and
secondary loops of the microreactor are helium, whereas that
within the power cycle is sCO2. It is possible to transfer heat
from the cooler of the power cycle to the LMB if needed dur-
ing initial heat up phases, but that has not been analyzed herein.
The electricity produced by the power cycle’s generator is then
sent to a point of common coupling, from where it could either
be sent to the grid or the LMB. The following section describes
the model development that was carried out for this analysis.

3 | MODEL DEVELOPMENT

We used two simulation environments (Dymola and RSCAD)
to develop the submodels for this work. Dymola is a com-
mercial modelling platform that allows the simulation of large
and complex systems using mathematical equations to desctibe
the dynamic behaviour of the components and interactions
[23]. Several opensource libraries have prebuilt component-
level models that can be used to develop a system-level model.
The Dymola simulation platform modelled the NRS as well as
the thermal aspect of the LMB. RSCAD is a simulation plat-
form that can be used for the real-time, hardware-in-the-loop
simulation of power system components, networks, and their
controls [24]. The RTDS-RSCAD platform modelled the elec-
trical aspect of the LMB, synchronous generator (for the NRS),
and the Institute of Electrical and Electronics Engineers IEEE)
test system used in this study. This study leverages the strengths
of both of these modelling platforms and uses a TCP/IP com-
munication protocol to exchange the necessary data between
them. The following section describes the individual models
within the simulation platforms.

3.1 | HTGR modelling

The HTGR system is a helium-based closed-loop cycle, in
which the primary coolant flows through the reactor core,

TABLE 1  Operating conditions of prototype and scaled HTGR-sCO2
coupled systems.

Parameter Prototype value Scaled value
P. 600 20

VA 296 9.87

];/CO 450,850 450,850

Pe 60 60

VA 2,867 98.9

Ti;o 750,/638 750,/638

br 2.31 2.31

VN 288 9.6

7 48 48

absorbing the heat, which is then transferred to the sCO2 work-
ing fluid used in the power cycle. This heat transfer occurs via
an intermediate heat exchanger with helium on the primary side
and sCO2 on the secondary side. Figure 2 shows the Dymola-
based submodel of the HTGR cycle. The model uses standard
Modelica-based components from the nuclear hybrid energy
system (NHES) and transient simulation framework of recon-
figurable models (TRANSFORM) packages available in Idaho
National Laboratory’s HYBRID repository [25] and the fluid
package CoolProp [26] to model the sCO2 fluid properties. The
details of the core model can be found in [27].

The original HTGR-GT design has a thermal output of 600
MW, core mass flow rate of 296 kg/s, operating pressure of ~60
bat, and core inlet and outlet temperatures of 460 and 850 °C,
respectively. As mentioned previously, the reactor was scaled
down to 20 MWt to simulate a microreactor, and the scaled
operating conditions of such a design are provided in Table 1.
The geometric specifications and initialization parameters for
the model are provided using the data blocks. The control mech-
anism implemented for this model on the primary loop aims
to govern the reactor outlet temperature as well as the core
power based on the mass flow rate through the core and its
reactivity. A cooler has also been incorporated in the model to
negate the heat generation due to the blower. The primary heat
exchanger is a simplified component that uses the number of
transfer units (NTU) method to calculate heat transfer between
helium on the primary side and sCO2 on the secondary side.
The fluid ports port_a and port_b are the inlet and outlet fluid
flow ports, respectively, and are used to connect the HTGR and
sCO2 power cycle submodels. The detailed desctiption of the
power cycle is provided in the next section.

3.2 | sCO2 power cycle modelling

The power cycle is a recompression sCO2 Brayton cycle with
an inter-cooler and a single stage turbine, with high- and low-
temperature recuperators. Figure 3 shows the Dymola-based
model of the power cycle used in this analysis, which was

developed using components from the NHES and TRANS-
FORM packages.
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FIGURE 2 Dymola-based model of a simplified HTGR.

The secondary side of the primary heat exchanger in the
HTGR submodel provides sCO2 as the working fluid to the tur-
bine inlet at 2867 kg/s, a pressure of 195 bar and a temperatute
of 750 °C. The model has a pressurizetr and a P&ID controller
to overcome pressure variations during model initialization. The
power cycle produces a net power of 288 MWe, and thus the
overall thermal efficiency of the HTGR-sCO2 system is 48%.
Table 1 provides the operating conditions of the prototype and
scaled NRS systems, where P. is the reactor core power (MWt),
71, is the core mass flow (kg/s), Y;/CO is the core inlet/outlet tem-
petatute (°C), p. is the cote pressure (bat), 7 is the turbine mass
flow (kg/s), Tl/to is the turbine inlet/outlet temperatute (°C), p,
is the turbine pressure ratio, 2, is the net power in (MWe) and
7, is the system’s thermal efficiency.

The nominal operating conditions and initial values of the
power cycle are provided through the data blocks similar
to the ones used in the HTGR submodel. Figure 4 shows
a coupled HTGR-sCO2 power cycle model. To establish
the coupling between the Dymola models and the RTDS-
RSCAD model, a real output connector is used that provides
the turbine mechanical power as an input to the RSCAD
model.

0.0 CoreOutTemp
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=T,
@EEJ ebble ..
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LT
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ShellinSensor

rATATATATATATATAS
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3.3 | LMB modelling

We also considered the magnesium-antimony LMB cell similar
to the one described in [28]. The active components of LMB
cells are two liquid-metal electrodes separated by a molten-salt
electrolyte in a vertically layered stack. A schematic of the three-
layered structure of the magnesium-antimony LMB cell and the
flow of current during its operation is shown in Figure 5.

The negative electrode is comprised of a low-density elec-
tropositive magnesium metal, the positive electrode is a
high-density electronegative antimony metal, and the electrodes
are separated by a ternary molten-salt electrolyte made of potas-
sium chloride—sodium chloride—magnesium chloride (20:40:40
mol%), which has a density that lies between the densities of
the liquid anode and liquid cathode. The liquid-metal electrodes
and electrolyte self-segregate by density into three distinct lay-
ers owing to the immiscibility of the contiguous salt and metal
phases. For this analysis, the magnesium-antimony LMB cell is
assumed to operate at temperatures up to 700 °C during charg-
ing and discharging, with each cell having a storage capacity of
10 kWhe. One hundred such cells are stacked together to form
an energy block with a storage capacity of 1 MWhe, so 20 such
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FIGURE 3 Dymola-based model of a simplified sCO2 Brayton power cycle.
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FIGURE 6 Isometric (a) and cross-sectional (b) views of an LMB with
SCO2B{aVionteyTe dimensions used in this analysis.

blocks are used to meet the need of 20 MWhe. The approxi-
mate dimensions of a single LMB cell we used in this analysis
FIGURE 4 Dymola-based model of HTGR coupled to an sCO2 power are shown in Figure 6.
cycle. The electrical and thermal models that capture the electrody-
namic and thermodynamic responses of the LMB, respectively,
are described below.

3.3.1 | LMB thermal modelling

The thermal model assumes that 100 individual cells form an
energy block nearly isothermal due to the high thermal conduc-
tivity of the liquid and solid materials. A lumped-capacitance

(b) model with a mass-averaged specific heat capacity is used for
the energy block. To calculate the mass-averaged specific heat
FIGURE 5 Schematic of an LMB discharging (a) and charging (b). of the LMB, the specific heats of the individual components,
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namely, the two terminal electrodes and electrolyte at 700 °C,
were multiplied with their respective mass fractions. The sum
of these values provided the mass-averaged specific heat, which
was then multiplied by the total mass of the LMB to calcu-
late its capacitance. Insulation around the LMB energy block
and its heat loss to the environment were modelled using ther-
mal resistances, with the ambient temperature being provided
as a boundary condition. The thermal insulation we used in
this analysis was a 5-inch-thick ceramic fibre board, which has a
thermal conductivity of 0.15 W/mK. The ambient ait’s temper-
ature was assumed to be 25 °C and its convective heat transfer
coefficient to be 25 \X//mZK.

The thermal model includes a volumetric heat source that
is calculated based on Joule heating calculated by the elec-
trical model based on charging and discharging currents and
material electrical resistivities. Figure 7 shows a representation
of a lumped-capacitance thermal LMB model. The input port
receives the Joule heating input signal from the electrical model.
It should be noted that convection-generated flow within the
liquid electrodes and electrolytes as described by [29] increases
the effective thermal conductivities of the liquids, and con-
sequently increases the effective Biot number, which further
validates the assumed lumped thermal capacitance model used
for the LMB energy block.

Additionally, a temperature control mechanism has been
implemented to ensure the LMB temperature does not exceed
700 °C due to excessive Joule heating while charging or dis-
charging. Cooling is achieved by blowing ambient air over the
cells with flow control provided by a thermal management
system. Battery cooling is simulated in Dymola by blowing
air through a pipe with the same surface area and surface
temperature as those of the LMB’s energy block. The energy
block surface area of 7.89 m? calculated by stacking 25 cells
in four columns to attain 100 cells per block. A PID con-
troller ensures the flow rate of air at 20 °C is controlled
appropriately to meet the LMB maximum temperature set-
point of 700 °C. Results of a representative LMB load test

are shown in Figure 8. The first plot, Figure 8(a), shows the
power profile, which is vatied between 10 and 12 kW, and
Figures 8(b) and 8(c) show the corresponding LMB tempera-
ture and the cooling mass flow rate required to maintain the
temperatute.

3.3.2 | LMB electrical modelling

The electrical model of a LMB cell is derived from electrochem-
ical fundamentals. It describes the relationship between the cell
voltage ., operating current density 7, charge ¢, and tempet-
ature 7. The dynamic operating voltage . of an LMB cell can
be represented as the equilibrium cell potential £, accounting
for active overpotentials 7)., g, and 7). [28].

The equilibrium cell potential £, is a function of the stage
of charge ¢, LMB cell temperature 7, while the mass trans-
port overpotential (7)), charge transfer overpotential (7)),
solution resistance overpotential (7)) are functions of the
stage of charge ¢, LMB cell temperature 7" and the cell
exchange current density. The value of £ is as expressed in
Equation (1)

Eea(g /s T) = Eeg(@: T) + 009 /s T) + 0@ 5 T) - T g
mt

+ 0975 1) @

147

ct

where

q=//’df

In Equation (1) 7, is the mass transport overpotential that
arises from concentration gradients in the electrodes and elec-
trolytes; 7)., is the charge transfer overpotential, resulting from
the potential energy barrier to the interfacial reaction; 7)q is
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FIGURE 10  Schematic of the co-simulation of HTGR, sCO2 power

the solution resistance overpotential due to irreversible resistive
heat generation in the electrolyte; and 7., and T are first-
order time constants associated with the cell’s mass transfer and
charge transfer dynamics, respectively. For this work we select
the values of 7., and 7, as 0.1 s.

To facilitate model integration and real-time grid simula-
tion, the LMB model is developed in the RSCAD simula-
tion environment. The cell geometry and material property
values of the electrical LMB model are based on expet-
imental data obtained from a magnesium-antimony LMB
[28]. Figure 9 shows a schematic of the RSCAD-based
model.

cycle, and LMB models.

4 | MODEL INTEGRATION

The LMB’s voltage and power are scaled up by modelling the
aggregation of multiple cells in series and parallel to achieve the
desired open circuit DC voltage and power rating, which are 1.6
kV DC and 20 MWe, respectively. The scaled-up LMB model
is connected to a three-phase inverter with grid-forming and
grid-following controls. The AC voltage is filtered to remove the
high-order harmonic contents of the inverter, and the AC out-
put of the LMB’s inverter is connected to a step-up transformer
to achieve the desired bus voltage for connection to the NRS. As
mentioned previously, the Dymola-based NRS model provides
an output signal for the generated mechanical power, which is
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FIGURE 12  The generators frequency response before LMB integration (a) and after LMB integration (b).
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FIGURE 15 Schematic of a simulated black start architecture.

sent to RSCAD and connected to the synchronous machine
model through its governor—turbine interface. The schematic

of the simulation setup is shown in Figure 10. A TCP/IP proto-
col is used to set up the communication between the Dymola
and RTDS-RSCAD simulation environment. The LMB tem-
perature is simulated using the thermal model of the LMB in
the Dymola simulation environment. The LMB current data is
transferred from the RTDS-RSCAD through the TCP/IP in
order to estimate the LMB’s temperature (including effects of
Joule heating) using the Dymola model. The LMB’s temperatute
is subsequently sent back to the RTDS-RSCAD LMB model.

5 | MODEL PERFORMANCE ANALYSIS

As described earlier, the NRS (combined HTGR and sCO2 sys-
tems) and LMB thermal behaviour are modelled using Dymola,
while the LMB, NRS synchronous machine, and the transmis-
sion grid IEEE 9-bus) are modelled using RTDS-RSCAD.
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FIGURE 17 AC current dispatch by the LMB.

The dynamic performance of the modelled NRS-LMB sys-
tem is investigated under two different test cases. The first test
case involves using the coupled system to provide grid support
while the second test case involves analyzing the ability of the
NRS-LMB to provide a black statt capability in the event of a
grid failure.

5.1 | Grid-following performance analysis

In order to analyze the grid following petformance of the cou-
pled NRS-LMB, the system is integrated on with an IEEE 9 bus
feeder. The IEEE 9 bus system consists of three P-Q loads (I,
L,, L), six transmission lines (TL;—TLg), three transformers
(TX,—TXj3) and three generators (Gen 1, Gen 2, and Gen 3).

The generator located at bus two (Gen 2) is replaced with the
NRS-LMB coupled system, as shown in Figure 11.

Two scenarios are modelled to validate the performance of
the NRS-LMB system to provide grid-following services. In
both scenarios, the load L; connected to bus 8 is changed from
10 to 20 MW after the system achieves steady state. In the first
scenario, the simulation includes only the NRS (without the
LMB), while in the second scenario both the NRS and the LMB
are included in the simulation. The simulation results showing
the frequency nadir and the steady state frequency during the
instantaneous change in Load Ly is shown in Figure 12.

The results show that, without the use of the LMB (with only
the NRS), the frequency nadir during this change in load is 59.68
Hz and the final steady state frequency is 59.86 Hz. By cou-
pling the LMB with the NRS, the frequency nadir is improved to
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FIGURE 19  Active power dispatch by the LMB.

59.78 Hz while the system steady state frequency rose to 59.88
Hz. The fast dynamic response of the inverter-based LMB is
able to reduce the rate of frequency deviation (from its nomi-
nal value to its minimum value) from approximately 0.071 Hz/s
with the NRS acting alone to 0.064 Hz/s when coupled with
the LMB. The LMB DC current and voltage is as shown in
Figure 13.

The LMB DC voltage decreases by approximately 12% at
its maximum power dispatch of 3.37 MW. The power dis-
patch by the LMB based on the power command obtained
from the frequency-power droop curve is as shown in
Figure 14.

The plot (in Figure 14) also shows the effectiveness of active
power controller used in the simulation because it is able to
track the power reference (based on the frequency—Watt droop

25 30 35 40 45 50
Time (s)

curve) and dispatch the right amount of power in response to
the generators’ frequency deviation.

5.2 | Grid forming and black start analysis
The ability of the NRS to come online with sole support from
the LMB (no grid power) is investigated in this subsection. The
schematic for validating the black start capability of the NRS-
LMB is shown in Figure 15

In this scenatio, the LMB provides the NRS with power
to energize its auxiliary loads, which are required to bring the
NRS back online. The auxiliary loads include feedwater pumps,
coolant pumps, motors, electrical supplies, protection systems
etc. The black start scenario is simulated by assuming a base
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FIGURE 20 LMB temperature and cooling air mass flow rate profiles during discharging.

load of 1 MW that must be powered by the LMB immediately
upon a loss of grid power, aggregated pump loads of 1 MW that
ramp up by 100 kW /s for 10 s, and additional aggregated pump
loads of 1 MW that ramp up by 100 kW /s for the next 10 s.

The results from the described black start scenario is shown
in Figures 16-19. Figure 16 shows the dynamic frequency
response of the LMB as it powers up the NRS base and
aggregated motor loads.

The first 1 MW of aggregated pump loads is brought online
after 5 s and ramped up over the next several seconds. The fre-
quency nadir at 5 s is 59.6 Hz while the maximum frequency
deviation is 60.18 Hz. The system’ frequency reaches a steady
state within 0.5 s after the application of the 1 MW motor load.
The second motor load is switched on at approximately 25 s.
The frequency nadir at this instance is 58.7 Hz while the max-
imum frequency deviation is 60.7 Hz. The system’s frequency
also settles back at steady state within 0.5 s. The lower frequency
nadir when the second motor load is switched on is due to the
increased aggregated loads powered by the LMB and to the
existing 1 MW motor already powered on by the LMB.

The AC current delivered by the LMB is as shown in
Figure 17. The plot shows the dynamic response of the LMB
current as the power demand by the NRS auxiliary load changes
with time. The spike in the AC current when each motor load

is turned on is due to the inrush current drawn by the motor
during startup. The result shows that the LMB was able to cope
with this current demand.

The LMB’s three phase AC voltage during the black start pro-
cess is shown in Figure 18. The figure reveals a slight voltage
drop in the phase voltage during the start of the motor loads
due to the inrush current. The LMB voltage controller is able to
bring the voltage back to its nominal rated value after dynamic
transient caused by the motor inrush current.

The total power dispatched to the auxiliary loads during
black start is shown in Figure 19. The results further show the
dynamic response of the LMB as it powers the base load and
the motor loads. The spikes at 5 and 25 s are due to the startup
currents drawn by the motor loads.

The temperature control mechanism is tested using the
power dispatch profile as an input to the thermal LMB model.
This is to ensure that the LMB remains within its nominal
operating temperature during its entire dynamic operation. The
energy block’s temperature and its corresponding cooling air
flow rate are shown in Figure 20. The results show that the
cooling air effectively keeps the LMB’s temperature within its
nominal value during the black start period despite the signifi-
cant change in power demand from the LMB with increase in
the startup loads.
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6 | CONCLUSIONS AND FUTURE WORK
This paper presented the modelling and performance analysis of
a coupled LMB with an NRS. This coupling is done to improve
the dynamic response of the NRS and its ability to provide black
start capability when grid power is unavailable. The NRS (which
consists of the HTGR and sCO?2) is modelled in Dymola, while
the LMB is modelled in RTDS-RSCAD. The simulation data
between both platforms were shared using the TCP/IP commu-
nication protocol. The models developed in this work are based
on electrochemical and thermal physics that govern the dynamic
response of the integrated system so that the models are realistic
and scalable for future commercial megawatt applications. We
investigated the dynamic performance of the NRS-LMB inte-
gration by testing it on the IEEE 9 bus system. Including LMB
with an NRS improved fast voltage and frequency regulation in
both grid-forming and grid-following operational modes. Sim-
ulations of a 20 MW NRS coupled in a grid environment near a
10 MW load that suddenly increased to 20 MW caused a maxi-
mum frequency nadir of 59.68 Hz. Including a 20 MW LMB in
the simulation decreased the frequency nadir to 59.78 Hz. This
research aligns with the nuclear industry’s growing interest in
pairing reactors with energy storage. These integrated systems
offer significant advantages for the grid wherein they can adjust
power output (ramping up or down) to meet fluctuating grid
demands, provide dispatchable power by generating electricity
for specific times, and crucially, support net-zero clean energy
goals by producing zero carbon emissions from both the reactor
as well as the energy storage system. In addition, such integrated
systems would increase grid reliability and stability, and allow for
increased penetration of renewable energy.

For future work, a techno-economic analysis of the proposed
integrated system is being carried out to understand the lev-
elized costs of the system. This will include the levelized costs
of storage as well as electricity and will utilize Idaho National
Laboratory’s Holistic Energy Resource Optimization Network
(HERON) software framework to determine if the proposed
design is viable in a given market, and how to optimize the
design using regression analysis.
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https://www.3ds.com/products-services/catia/products/dymola/
https://www.3ds.com/products-services/catia/products/dymola/
https://knowledge.rtds.com/hc/en-us/articles/360046352893-RSCAD-FX-Real-Time-Simulation-Software-Package
https://knowledge.rtds.com/hc/en-us/articles/360046352893-RSCAD-FX-Real-Time-Simulation-Software-Package
https://github.com/idaholab/HYBRID
https://doi.org/10.1049/tje2.12382

