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1. INTRODUCTION TO NUCLEAR HYBRID SYSTEMS

1.1 DEFINITION OF NUCLEAR HYBRID SYSTEMS

A nuclear hybrid system uses a nuclear reactor as the basic power generation unit. The power generated
by the nuclear reactor is utilized by one or more power customers as either thermal power, electrical
power, or both. In general, a nuclear hybrid system will couple the nuclear reactor to at least one thermal
power user in addition to the power conversion system.

The definition and architecture of a particular nuclear hybrid system is flexible depending on local
markets needs and opportunities. For example, locations in need of potable water may be best served by
coupling a desalination plant to the nuclear system. Similarly, an area near oil refineries may have a need
for emission free hydrogen production. A nuclear hybrid system expands the nuclear power plant from its
more familiar central power station role by diversifying its immediately and directly connected customer
base.

The definition, design, analysis, and optimization work currently performed with respect to the nuclear
hybrid systems represents the work of three national laboratories. ldaho National Laboratory (INL) is the
lead lab working with Argonne National Laboratory (ANL) and Oak Ridge National Laboratory. Each
laboratory is providing modeling and simulation expertise for the integration of the hybrid system.

1.2 CONTEXT OF NUCLEAR HYBRID SYSTEMS

A nuclear hybrid system can provide options to avoid selling electricity in unfavorable electricity market
conditions. This is especially important for deregulated wholesale electricity markets which have long
price distribution tails. For example, the price rarely approaches $0/MWeh [1], and the average for the
wholesale price in some markets is around $27/MWeh [1], but the high end can reach greater than
$100/MWeh [2]. On the low end of the distribution, the market prices may fall negative in some
situations; this situation forces the nuclear reactor operators to decide whether to endure negative profit
conditions or to curtail power generation. Neither approach is an attractive option. A potential benefit is
to help accommodate an increased share of renewable power on the grid. As renewable generation
increases, the volatility of the grid increases in response to the intermittent nature of the renewable
generation. Typically, the grid volatility is smoothed by using natural gas generators as backups to the
renewable sources because of their rapid response characteristics. However, the use of gas generators re-
introduces carbon emissions that the renewable sources originally displaced. Nuclear reactor operators
may not want to use their reactor in a load-following mode—even if they are technically capable of it—
because of concerns over thermal and chemical cycling but with the addition of a flexible resource in the
form of a nuclear hybrid system, overall grid volatility can be tempered.

1.3 PERFORMANCE GOALS OF NUCLEAR HYBRID SYSTEMS

A goal of the Nuclear Hybrid Energy System (NHES) project is to show enhanced performance of
integrated systems relative to independent stand-alone systems. The most direct measure, and thus
comparison, of the performance is captured through cost analyses. The construction, operations, and fuel
costs for the reactor, power conversion, and other coupled systems are typically well-documented, or at
least can be estimated based on historical or other bases. Additionally, external costs such as carbon
emissions can be accounted for based on estimated or assumed values. Comparison of other important
figures of merit, such as system reliability or availability, or induced grid stability, requires additional
estimation.






2. COMPONENTS OF ANUCLEAR HYBRID SYSTEM—THE BASE CASE

The components described in Section 2 are described in greater modeling detail in Section 3.
2.1 NUCLEAR REACTOR

The reactor assumed for the initial NHES evaluation is a light water reactor, with the system model based
on the IRIS design [3]. The use of this design leverages existing design studies and documentation for
comparison of model results. Within this NHES configuration, the reactor secondary system steam is
directed to a steam distribution manifold. From there, the thermal energy can be divided between a steam
turbine for power conversion to electricity or to an industrial process; in this case a hydrogen production
plant. The initial concept of the manifold is a set of steam valves directing fluid medium between the
turbine and the hydrogen plant, and a common collection point for the returned cooled medium. The
reactor and its connections to the manifold appear in Fig. 1. Table 2 shows the manifold and its
connections to the reactor, the balance of plant, and the hydrogen plant. The parameters (variables),
sensors (outputs), and controls (inputs) for the reactor are given in Table 1 with nominal values. Table 1
and the subsequent tables include some values marked as “TBD”; these values have not been determined
or flown down into the model yet.

SENSORS CONTROLS

i&ﬁtwm

T Tno—

'| STEAM

To/From Manifold

CRDM—— CORE \]_}/ GENERATOR

f—To4
WO e
oo
)l

I

o~

o

6285
|_ J LIguiD
Fig. 1. Nuclear Hybrid Energy Systems Reactor Model.

e

The figures in Section 2 are taken from a P&ID for the NHES. This is attached in Appendix A.



Table 1. Reactor sensor and control signals

Variable/Measurement | Value | Unit(s)

Parameters (variables)

Thermal Output | 1000e6 | w

Sensors (outputs)

External
Inlet (from Manifold): Mass Flow Rate 502.8 kg/s
Inlet (from Manifold): Pressure 6.27E+06 Pa
Inlet (from Manifold): Temperature 497 K
Outlet (to Manifold): Mass Flow Rate 502.8 kg/s
Outlet (to Manifold): Pressure 5.80E+06 Pa
Outlet (to Manifold): Temperature 591 K
Reactor Core
Inlet: Mass Flow Rate 4712 kg/s
Inlet: Pressure 1.60E+07 Pa
Inlet: Temperature 556 K
Outlet: Mass Flow Rate 4712 kg/s
Outlet: Pressure 1.55E+07 Pa
Outlet: Temperature 594 K
Pressurizer
Pressure 1.54E+07 Pa
Temperature 617.5 K
Fluid Level (from pressurizer inlet) 1.68 (0.34) | m (%Liquid)
Controls (inputs)
Reactor Core
Control Rod Drive Mechanism (CRDM, i.e., reactivity)
Other Reactivity

Pump
Primary Pump Speed | 1500 RPM
Pressurizer
Heater 0 W
Spray Valve Position 0 % open
Relief Valve Position 0 % open
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Fig. 2. Nuclear Hybrid Energy Systems Manifold Model.

The parameters (variables), sensors (outputs), and controls (inputs) for the manifold are given in Table 2

with nominal values.



Table 2. Manifold sensor and control signals
Variable/Measurement | Value ‘ Unit(s)
Parameters (variables)
General
Splitter Volume 1 m®
Mixer Volume 1 m?
Steam Tur_bine D_istribution Valve (STDV)_Size_ _ Large
Based on industrial process and steam turbine sizing
Industrial Process Distribution Valve (IPDV) Size
Based on industrial process and steam turbine sizing Small
Pipe to/from Balance of Plant
Velocity Limit 4 m/s
Length TBD m
Diameter: To 2.50 m
Diameter: From 0.43 m
Diameter: Average 1.47 m
Pipe to/from Industrial Process
Velocity Limit 4 m/s
Length TBD m
Diameter: To 0.36 m
Diameter: From 0.06 m
Diameter: Average 0.21 m
Sensors (outputs)
General
Inlet (from SG): Mass Flow Rate 502.8 kg/s
Inlet (from SG): Pressure 5.80E+06 Pa
Inlet (from SG): Temperature 591 K
Outlet (to ST): Mass Flow Rate 492.8 kgls
Outlet (to ST): Pressure 5.80E+06 Pa
Outlet (to ST): Temperature 591 K
Outlet (to IP): Mass Flow Rate 10 kgls
Outlet (to IP): Pressure 5.80E+06 Pa
Outlet (to IP): Temperature 591 K
Inlet (from ST): Mass Flow Rate 492.8 kgls
Inlet (from ST): Pressure 6.27E+06 Pa
Inlet (from ST): Temperature 497 K




Table 2. Manifold sensor and control signals (continued)

Variable/Measurement ‘ Value ‘ Unit(s)
Parameters (variables)
General
Inlet (from IP): Pressure 6.27E+06 Pa
Inlet (from IP): Temperature 497 K
Outlet (to SG): Mass Flow Rate 502.8 kg/s
Outlet (to SG): Pressure 6.27E+06 Pa
Outlet (to SG): Temperature 497 K
Splitter (All steam)
Pressure 5.80E+06 Pa
Temperature 591 K
Mixer (All liquid)
Pressure 6.27E+06 Pa
Temperature 497 K
Controls (inputs)
Steam Turbine Distribution Valve (STDV)
Valve Position ‘ 50 ‘ %
Industrial Process Distribution Valve (IPDV)
Valve Position ‘ 50 ‘ %

The “Valve Position” control for both the steam turbine distribution valve (STDV) and the Industrial
process distribution valve (IPDV) do not necessarily sum to 100% (although they do in this example.)
The STDV and IPDV are sized independently such that the mass flow at 100% valve position for the
STDV does not necessarily correspond to the mass flow at 100% valve position for the IPDV. In this
example, the STDV is sized “large” and the IPDV is sized “small;” this indicates that 100% flow through
the STDV is greater than 100% flow through the IPDV. Additionally, the turbine instrumentation and
control must account for the requirement to maintain motion to avoid bearing damage.

2.2 POWER CONVERSION SYSTEM

Thermal energy from the manifold to the steam turbine is converted to electrical energy within a
simplified representation of a combined high-pressure and low-pressure turbine system. Waste heat is
rejected to the atmosphere. Fig. 3 shows the balance of plant with its connections to the manifold, the
atmosphere, and the switch yard.
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Fig. 3. Nuclear Hybrid Energy Systems balance of plant model.

The parameters (variables), sensors (outputs), and controls (inputs) for the manifold are given in Table 3
with nominal values.



Table 3. Balance of plant sensor and control signals

Variable/Measurement | Value ‘ Unit(s)
Parameters (variables)
Steam Turbine
Nominal Capacity | 980E+06 ‘ W
Sensors (outputs)
General
Inlet (from Manifold): Mass Flow Rate 492.8 kg/s
Inlet (from Manifold): Pressure 5.80E+06 Pa
Inlet (from Manifold): Temperature 591 K
Outlet (to Manifold): Mass Flow Rate 492.8 kg/s
Outlet (to Manifold): Pressure 6.27E+06 Pa
Outlet (to Manifold): Temperature 497 K
Steam Turbine
Outlet (to CDR): Mass Flow Rate 492.8 kg/s
Outlet (to CDR): Pressure 5.80E+06 Pa
Outlet (to CDR): Temperature 591 K
Outlet (to FWH): Mass Flow Rate 492.8 kg/s
Outlet (to FWH): Pressure <5.8e6 Pa
Outlet (to FWH): Temperature <497 K
Condenser
Heat Rejected to Environment TBD W
Generator
Electrical Generation 980E+06 w
Voltage 11kV \%
Current ~90kA A
Frequency 50/60 Hz
Controls (inputs)
Steam Turbine Control Valve (STCV)
Valve Position | 50 ‘ %
Pumps
Condensate Pump Speed 1500 RPM
Booster Pump Speed 1500 RPM

Electricity from the generator is directed to a switch yard. The switch yard also receives electricity from
the gas turbine and the battery in this NHES configuration. The switch yard also directs electricity to the
battery for charging, the hydrogen production plant for use, or to the grid. Fig. 4 shows the switch yard
with its connections.
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Fig. 4. Nuclear Hybrid Energy System switch yard model.

The parameters (variables), sensors (outputs), and controls (inputs) for the switch yard are given in Table
4 with nominal values.
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Table 4. Switch yard sensor and control signals

Variable/Measurement ‘ Value | Unit(s)
Parameters (variables)
TBD | 18D | TBD
Sensors (outputs)
Steam Turbine
Power 980MW
Voltage 11kV \%
Current 90kA A
Frequency 60Hz Hz
Gas Turbine
Power 44MW W
Voltage 11kV \%
Current 4kA A
Frequency 60Hz Hz
Battery
Power 100MWh | W-hour
Voltage 11kV \%
Current 9.1kA A
Frequency 60 Hz
Industrial Process
Power TBD W
Voltage TBD \%
Current TBD A
Frequency TBD Hz
Grid
Power TBD W
Voltage TBD \%
Current TBD A
Frequency TBD Hz
Controls (inputs)
TBD TBD TBD

2.3 ELECTRICAL STORAGE SYSTEM
The storage battery charges and discharges through its connection to the switch yard. Fig. 5 shows the

storage battery with its connection to the switch yard. The storage battery model is generated and
maintained by ANL.

11
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Fig. 5. Nuclear Hybrid Energy Systems battery system model.

The parameters (variables), sensors (outputs), and controls (inputs) for the battery are given in Table 5
with nominal values.

Table 5. Storage battery system sensor and control signals

Variable/Measurement ‘ Value ‘ Unit(s)
Parameters (variables)
Nominal Capacity TBD Wh
Maximum Charge/Discharge Rate | TBD W
Sensors (outputs)
General
Power TBD W
Voltage TBD \%
Current TBD A
Frequency TBD Hz
Inverter
TBD | TBD | TBD
Battery
TBD | TBD | TBD
Controls (inputs)
TBD | TBD | TBD

12



2.4 AUXILIARY POWER GENERATION SYSTEM

The gas turbine acts as a backstop for power generation. It receives natural gas as a supply, discharges
waste heat to the atmosphere, and supplies electricity to the switch yard using an open Brayton cycle.
Fig. 6 shows the gas turbine with its connections to the switch yard, the atmosphere, and the gas supply.
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Fig. 6. Nuclear Hybrid Energy System gas turbine model.

The parameters (variables), sensors (outputs), and controls (inputs) for the gas turbine are given in Table
6 with nominal values.
Table 6. Gas turbine sensor and control signals

Variable/Measurement ‘ Value | Unit(s)

Parameters (variables)
Nominal Capacity ‘ TBD | w

Sensors (outputs)

Generator
Power TBD W
Voltage TBD \Y
Current TBD A
Frequency TBD Hz
Natural Gas
Flow Rate ‘ TBD | kg/s

Controls (inputs)
Natural Gas Pump Speed | TBD | RPM
Air Pump Speed TBD | RPM

13



2.5 INDUSTRIAL CUSTOMER

The hydrogen production plant receives thermal power from the manifold and electrical power from the
switch yard. The hydrogen production plant is situated at some standoff distance from the manifold; this
distance will have some effect on the actual power delivered to the hydrogen plant from the manifold
(e.g., time delays and heat dissipation). It discharges waste heat to the atmosphere and sends hydrogen to
the market. Fig. 7 shows the hydrogen production plant and its connections to the manifold, switch yard,
atmosphere, and market. The hydrogen production plant model is generated and maintained by INL.
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Fig. 7. Nuclear Hybrid Energy System hydrogen production plant model.

The parameters (variables), sensors (outputs), and controls (inputs) for the hydrogen production plant are
given in Table 7 with nominal values.
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Table 7. Hydrogen production plant sensor and control signals

Variable/Measurement ‘ Value ‘ Units
Parameters (variables)
Nominal Capacity ‘ TBD ‘ kgls
Sensors (outputs)
General
Inlet (from Manifold): Mass Flow Rate 10 kgls
Inlet (from Manifold): Pressure 5.80E+06 | Pa
Inlet (from Manifold): Temperature 591 K
Outlet (to Manifold): Mass Flow Rate 10 kgls
Outlet (to Manifold): Pressure 6.27E+06 | Pa
Outlet (to Manifold): Temperature 497 K
Electrical Consumption TBD W
Voltage TBD \Y
Current TBD A
Condenser
Heat Rejection ‘ TBD ‘ W
Controls (inputs)
Condensate Pump Speed ‘ 1500 ‘ RPM
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3. MODELING THE NUCLEAR HYBRID ENERGY SYSTEM

3.1 MODELING METHODOLOGY

The modeling of a nuclear hybrid energy system is a multi-domain problem requiring modeling complex
physical problems such as those dealing with electrical, thermal hydraulic, and control systems. Further,
the optimization of the overall system requires analyzing the full design space of the input parameters
given above. This optimization over the parameter space will be performed using RAVEN [4] as the
parametric input driver. RAVEN will feed input parameters to the system model and analyze output from
the system model to drive its optimization algorithm. This process will be developed and controlled by
INL.

All modeling activities, outside of RAVEN, are performed using the open source, equation based
Modelica programming language within the Dymola development environment. The development of all
models using Modelica allows key benefits such the direct compatibility of independently developed
models. No additional software interfaces or other manipulation is required.

3.1.1 Modelica

Modelica is a domain neutral programming language and is therefore flexible in the types of problems it
can evaluate. Modelica is also an equation based language (not necessary to have causal equation
relationships) designed specifically to evaluate dynamic problems. As a dynamic modeling language, the
programmer/user does not explicitly code in time dependencies of variables, but defines the relation and
interaction among the time dependent variables which are then solved by integrated numerical solvers.

Another important aspect of the Modelica language is its hierarchal development design. Proper model
development allows development of common submodels that can gradually be “extended” to allow for
more complex models without changing the lower level submodels. This structure allows for a more
intuitive general model development where components, closure models (e.g., heat transfer correlations
and pressure drop correlations), and even the working media (e.g., water, steam, molten salts, gases) can
be readily replaced without any modification to the system or source code.

3.2 NUCLEAR STEAM SUPPLY SYSTEM MODEL

The nuclear steam supply system (NSSS) is based on the International Reactor Innovative and Secure
(IRIS) integral pressurized light water medium power (1000 MWt) reactor design. The IRIS design was
developed by an international consortium led by Westinghouse Electric Co. Originally sponsored by the
Department of Energy as part of the Nuclear Energy Research Initiative program, IRIS was subsequently
selected as an International Near Term Deployment reactor within the Generation IV International Forum
activities [5]. Given the relative maturity of the design and amount of quality publically available
information, the IRIS reactor was deemed an appropriate choice for development of a dynamic system
model. However, there were discrepancies in the literature among some of the nominal parameters. Table
8 summarizes the nominal IRIS system operating parameters that were used in the current model. Fig. 8 is
the Modelica IRIS NSSS model.
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Table 8. International Reactor Innovative and Secure design parameters for the nuclear steam supply system

Parameter Value Unit
Core thermal power 1000 MWt
Primary coolant flow rate 4700 kg/s
Reactor operating pressure 15.5 MPa
Core inlet coolant temperature 283 °C
Core outlet coolant temperature 321 °C
Core temperature rise 38 °C
Number of steam generators 8
Steam generator thermal capacity 125 MWt
Total steam generator flow rate 502.8 kgls
Steam generator inlet pressure 6.27 MP
Steam generator outlet pressure 5.8 MPa
Steam generator inlet temperature 224 °C
Steam generator outlet temperature 318 °C
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Fig. 8. Modelica model of the International Reactor Innovative and Secure nuclear steam supply system.
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In the published literature there are three primary components to the IRIS NSSS model that have received
special attention that are included in the current iteration of the NSSS design: the nuclear reactor core, the
pressurizer, and the helical coil steam generator. Each of these components is labeled in Fig. 8.

3.2.1.1 Nuclear Reactor Core

The IRIS core and fuel characteristics are similar to those of a conventional Westinghouse PWR design.
Design parameters of the reactor core are summarized in Table 9 [5] [6].

Table 9. Summary of design parameters for the International Reactor Innovative and Secure 1000 MWt
nuclear reactor core

Parameter Value Unit
Core thermal power 1000 MWt
Active core height 247 M
Number of fuel assemblies 89
Rod array 17x17 square
Number of fuel rods/assembly 264
Outer diameter of fuel rods (cladding) 9.5 mm
Total flow area 2.73 m?
Fuel type: sintered UO, pellets ~5%
Average linear heat rate 10 kW/m

The Modelica model of the reactor core accounts for important physical behaviors including material
behavior, heat transfer and pressure drop closure models, geometry, and reactor kinetics. Each of these
attributes have been incorporated by constructing the fuel model from generic lower models that are
linked together to create a fuel subchannel or core model. Fig. 9 shows the actual depiction of the models
incorporated into the core model.
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Fig. 9. Demonstration of linked lower level models.
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3.2.1.2 Internal Pressurizer

The pressurizer for IRIS is located in the upper head (inside the pressure vessel), above the internal
control rod mechanisms yielding (FEFE). Additional details on the design can be found in the following
literature: [7], [8], and [9]. One key aspect of the IRIS pressurizer illustrated in Fig. 10 is its ability to
mitigate pressurization transients. It has been designed so that no active spray/heating system is required
during power operation; they are only operated during plant shutdown.
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Fig. 10. Design drawing of the International Reactor Innovative and Secure pressurizer [7].

The Modelica model accounts for the primary physical behaviors observed in pressurizers and the
pressurizer’s unique geometry. The model is a lumped pressure approach where the vapor and liquid
phases are at the same pressure but are not necessarily in thermodynamic equilibrium. Closure models
(e.g., liquid surface and mass transfer) have been made replaceable in their implementation so that, as
necessary, appropriate levels of complexity can be incorporated to more accurately capture the real
behavior of the pressurizer under all investigated scenarios (Fig. 11).
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Fig. 11. Modelica pressurizer model (left) and user definable parameters (right).
3.2.1.3 Helical Coil Steam Generator

The steam generator is integral to the pressure vessel and consists of eight once-through coiled tubes
located in the annular space between the core barrel and the reactor vessel wall. The secondary fluid boils
within the tubes while the reactor cooling water provides cross flow through the tube bundle as the
primary fluid and remains in a single phase state [10]. General design parameters are presented in Table
10.

Table 10. Design parameters for the International Reactor Innovative and Secure helical coil steam generator

Parameter Value Unit
Thermal rating/steam generator 125 MWt
Mass flowrate/steam generator 62.85 kg/s
Steam tube outer diameter 17.46 mm
Steam tube length 32 m
Steam generator length 7.9 m

Fig. 12 and Fig. 13 present the thermal behavior of the steam generator under design boundary conditions
and a comparison to the results of [10]. The behavior of the model matches that presented by [10].
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3.3 THERMAL MANIFOLD MODEL
The thermal manifold is the interface subsystem between the NSSS and other subsystem. As illustrated in

Fig. 14, the name “manifold” is used because the role of the component is to distribute heat from the
NSSS among multiple subsystems.
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Fig. 14. Block diagram of the thermal manifold connections.

The initial thermal manifold that will be considered is a steam manifold. This manifold consists of a valve
system that switches flow between subsystems based on demand signals (Fig. 15). However, it is possible
that this type of thermal manifold will be insufficient in mitigating propagation of dynamics from the
non-nuclear subsystems back to the nuclear subsystem. This is a point of concern as current reactor
operation would require insulation from external factors. Therefore, depending on the system behavior
observed using the steam manifold, future manifold designs may seek to remove this dynamic feedback

behavior through means such as large thermal inertias within the manifold subsystem that effectively
behave as low-pass filters.
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Fig. 15. Steam thermal manifold with valves and vessels to distribute flow.

3.4 POWER CONVERSION SYSTEM MODEL

The IRIS design planned for an 1800 RPM turbine system with a high pressure and low pressure turbine.
[11] Typical plant designs include turbine controls, turbine steam valve controls, and condensate controls.
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Previous work for modeling ALMR concepts [12] included leveraging the use of various component
model libraries. The ThermoPower open source library contains various base models for power
conversion. [13]

Fig. 16 illustrates a high pressure turbine and a low pressure turbine system with a steam control valve on
the steam flow input of the high pressure turbine. This steam turbine system model was based on the
ThermoPower library with modifications for the proper IRIS capacity and dynamics. The steam turbine
system model will be couples to an electrical generator model and grid model (Fig. 17) to add the
capability to study the electrical generation and grid interactions.

feedback
I -l e a e e valve_Control
I =
i =

steamlinlet

@ i &
> >

hpTurbine Ewo IlpTurbine

Q

JJeySIoT0]

r;'c sh ut1
S

m

g

@

2 shellin1 p0 h
o

o

CS ¥
fwPump

controlBus

@

Fig. 16. Steam turbine power conversion system model.
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3.5 ELECTRICAL STORAGE SYSTEM MODEL

The initial electrical storage subsystem consists of banks of batteries of types which are currently
commercially available. The size of the storage system is then scaled according to the power storage
demands of the system under investigation by varying the number of batteries connected in parallel.
Important electrochemical behaviors will be included into the battery models such as discharge rates and
lifetime limitations. The battery model will also be able to charge and discharge according to the demands
of the supervisory control system. The battery model will be provided by ANL.

3.6 INDUSTRIAL PROCESS MODEL

A steam electrolysis hydrogen production plant is the initial industrial process to be included in the hybrid
energy system investigation. Steam from the NSSS (via the thermal manifold) provides a portion of the
process heat required. The steam will then be subcooled and sent back to the thermal manifold. The
remainder of the power demands will be fulfilled by an electricity supply (i.e., steam generator, battery,
gas turbine, grid). The hydrogen plant model will be provided by INL.

3.7 AUXILIARY POWER GENERATION SYSTEM MODEL

A natural gas turbine model will be included in the overall hybrid energy system. The gas turbine will
cover rapid grid demands that the dynamics of the remainder of the hybrid system cannot handle. The gas
turbine model will be provided by INL.

3.8 SWITCH YARD MODEL

All electrical connections from various subsystems (e.g., steam turbine, electrical storage system, etc.)

will be routed through the switchyard. The switch yard will contain the necessary logic to appropriately
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connect the hybrid system to the grid as well as balance electricity demands within the hybrid system
(e.g., battery and industrial process demands). See Fig. 18.

The switchyard will enable power flow in various directions based on the state of the generation, storage,
loads, and grid. Fig. 19 illustrates switching off Load #2 and the reduced consumption from the grid. Fig.
20 illustrates switching on Load #2 and the increased consumption on the grid. The effect of generation

(shown as negative load) being switched on in the switchyard is shown in Fig. 21.
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Fig. 21. Switch Yard Model Simulation Example.

3.9 QUALITY ASSURANCE AND MODEL VERIFICATION

Version control (e.g., Git) is used throughout model development for quality assurance. The hybrid
system work is located on the INL High Performance Cluster Gitlab server. All team members are
required to contribute via Git on this server. As part of the model verification process, all models,
submaodels, etc., are required to have testing on all portions of the code. The process of verifying changes
to models will be automated. The primary contact for the quality assurance and model verification is INL.
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4. NUCLEAR HYBRID ENERGY SYSTEM INSTRUMENTATION AND CONTROL

Significant work is still required on all systems to identify necessary instrumentation and controls to
properly control the hybrid energy system. As the overall system and subsystems mature all necessary
information and parameters will be identified and included at the appropriate level in the models.
Currently identified requirements for each subsystem are identified in the following sections. More
generally, all flows (i.e., fluid/steam, electricity, etc.) between subsystems will be instrumented and will
not be discussed explicitly in the subsequent sections.

4.1 NUCLEAR STEAM SUPPLY INSTRUMENTATION AND CONTROL

The current hybrid system is designed to operate at a nominal nuclear reactor output. Therefore, the
instrumentation and controls of the NSSS and overall supervisory control system will monitor the
necessary parameters and implement controls to ensure a steady thermal output at the nominal power
level. Parameters and controls include, but are not limited to, core thermal output, effective fuel and
coolant temperatures, control rod worth, and pump speed.

42 THERMAL MANIFOLD INSTRUMENTATION AND CONTROL

Signals will be received from the various subsystems connected to the thermal manifold such as the
industrial process and steam turbine. For the current thermal manifold under consideration, the steam
manifold, demand signals will specify steam requirements which will then be met via the manipulation of
the manifold valve system.

4.3 POWER CONVERSION SYSTEM INSTRUMENTATION AND CONTROL

A configuration was developed to test the NSSS model and to add 1&C components. See Fig. 22 below.
The NSSS configuration is described as the Primary Heat System (PHS) model shown in Fig. 22. The
steam generator inlet and outlet flows were set using source and sink models on the original
configuration. Model features were added to support the variation of the steam generator inlet flow for
model behavior study. Temperature, mass flow, and volumetric flow instrumentation was added to the
steam generator inlet and outlet flow paths.

Instrumentation was added to the NSSS model also as shown in Fig. 23. Fig. 23 illustrates the addition of
temperature measurements on the reactor core inlet and outlet and the internal reactor cooling loop steam
generator inlet and outlet. Mass flow measurement was added to the reactor core inlet. Pressure
measurement was added to the pressurizer interface with the reactor cooling loop.

Validation of the instrumentation was performed by examining the model behavior for two selected
transient test cases. A reactivity change was initiated by a control rod change and the steam generator
inlet external flow was manipulated. Fig. 24 illustrates the control rod reactivity change test. The
instrumentation illustrates that an increase in reactivity causes the reactor core outlet temperature to rise
which causes the reactor cooling loop temperature to rise. This affects the rise in temperatures in the
steam generator and the associated rise in the steam generator output temperatures. The pressurizer
pressure rises also due to the increased reactor cooling loop temperature.
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Fig. 25 illustrates the effect of a 2% increase ramp and a 2% decrease ramp in the steam generator
external input flow. The changes in flow directly decrease and then increase the steam generator external
outlet temperatures. This also affects the internal steam generator temperatures by causing a decrease and
then an increase in temperature. The core outlet temperature also demonstrates a decrease and then an
increase in temperature.

The power conversion system model will include a steam control valve on the steam flow input of the
high pressure turbine. In modern power plants, a throttling or governing steam valve is used to adjust the
steam pressure and flow supplied to the turbines to regulate a constant speed during varying generation
loads. The turbine speed must always be synchronized with the generation frequency. As load changes,
the turbine will inherently react to the generation load change with a speed change which requires small
amplitude and fast acting control adjustments to the steam input. This control is performed by a steam
regulation valve that regulates the direct supply flow into the turbine or a bypass flow path. Fig. 25
illustrates the relationship of the valve area to steam pressure and flow, which ultimately affects the
generator speed and the electrical frequency. This approach is not used to vary the actual power output;
that is performed by controlling the energy provided to the turbine by the reactor and the heat transport
systems.
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44 OTHER COMPONENT INSTRUMENTATION AND CONTROL

Additional instrumentation and control will be identified and included for other subsystems as necessary.
The industrial process, electrical storage, and auxiliary power generator, for example, will have various
operating requirements that will feed into the implemented instrumentation and control strategies. These
control strategies may include:

e providing power to customers in some order of preference, such as meeting grid demand before
shifting power to the industrial customer, or vice versa

o limiting ramp rates for components or switching systems
¢ limiting charging/discharging of the battery
e limiting temperature or pressure changes in systems or subsystems
45 SUPERVISORY SYSTEM INSTRUMENTATION AND CONTROL

At the initialization stage of a simulation, input from RAVEN will frame the operational requirements of
the system. In theory, RAVEN could alter nearly any value within the system, including the signals that
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will be part of the control system. In practice, the number of input values will be limited to the defined
parameters given in Section 2; this is generally limited to the scaling of the nominal output of
components, such as the thermal power of the reactor. A simplified schematic of the communication
between RAVEN and the Modelica model is shown in Fig. 27.
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Fig. 27. Nuclear Hybrid Energy System model communication schematic.

In this schematic, RAVEN sends a set of parameters to the NHES model to fix its definition. At the same
time, the control system rules are sent to the system 1&C model. The NHES and the system I&C appear
within a dashed line in Fig. 27; this corresponds to their instantiation within the Modelica model. A
demand profile is then applied as a boundary condition to the Modelica model, the NHES works to meet
the demand profile using the rules, constraints, and control logic set by the system I1&C. Its performance
is then calculated using figures of merit (FOM); these FOM are then communicated back to RAVEN for
the next optimization iteration, as well as to the rule definition engine.

The optimization process could work with two different iteration loops. One option is to iterate with a
fixed set of system parameters while working on the control rules; the other is to fix the control rules
while working on the system parameters.

The inputs values are derived from the regional case under consideration and various economic measures
that guide size, operation, and performance of the hybrid system. Identified requirements are as follow:

e Time variant grid electricity demand required from the hybrid system
o Time variant fractional electricity supply of each electrical source in the hybrid system

o Nominal capacities of key subsystems (i.e., thermal manifold, steam and natural gas turbine,
battery, and industrial process)
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The supervisory system will take the RAVEN input data and manipulate subsystem controls as necessary
using proper instrumentation. Important parameters associated with reliability and other figures of merit
will be gathered during the simulation and provided as input to RAVEN is economic calculations and
optimization routines; this provides the feedback arrow shown in the lower left of Fig. 27.
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5. NUCLEAR HYBRID SYSTEM FIGURES OF MERIT

For the hybrid energy systems figure of merits can be categorized based on environmental, economic,
technical and socio-political aspects. The indices under each category help users to select among similar
systems with common applications and/or to determine hybrid system performance. These FOMSs can
also be used to analyze performance versus stand-alone systems.
For this work, economical and technical FOMs are selected for the Nuclear Hybrid Energy Systems
(NHES) Regional Studies. The economical and technical FOMs selected at the 2014 workshop for West
Texas & Northeastern Arizona [14] were:
Electric power frequency stability .
Maximum renewable penetration that can be accommodated
Maximum renewable variability that can be accommodated

Minimum storage requirement Technical
FOMs
Response time and ramp-rate —

Load following response

. Operating reserve capacity

Minimum turndown of integrated systems

. Startup/shutdown time - 2
Pre-tax gross profit
Net present value Economical
™ FOMs
Payback time

Internal rate of return

The FOM analysis developed [15] for a hybrid geothermal—fossil fuel plant is commonly used for such
assessments. This analysis is limited to only technical FOM. The report by Zhoul [16] incorporates
economical FOM for the same system, and the analysis was performed to compare the power output and
capital cost of the hybrid plant with the state-of-the-art and existing stand-alone solar and geothermal
plants. Technical and economical FOMs analyses of NHES are reported in [17].

Reliability as a figure of merit is another important approach, but based on a literature search it is not

analyzed for the NHES. To calculate reliability FOM of the NHES, an approach is proposed [18]. A
flowchart of this approach is shown in Fig. 28.
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Fig. 28. Reliability figures of merit qualification flow chart.

The new figure of merit can provide better insight into the assessment of the NHES over the stand-alone
nuclear power plants or renewable systems. Additionally, the translation of the technical figures of merit
into economic figures of merit requires additional study and assumptions. For example, the use of

electrical power frequency stability as a FOM can be quantified by generating a statistical distribution of
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measured electrical power frequency; the variance (and higher moments) for this distribution provide a
measure of the stability which can be directly compared among multiple scenarios.

However, the cost of frequency instability likely shows step function costs because it serves as a threshold
effect; once frequency moves outside an acceptable range, system effects occur regardless of the actual
frequency. For example, frequencies less than 59.3 Hz trigger the first level of under-frequency load
shedding [19], regardless of the actual frequency.

Additionally, the response time and ramp rate of system resources may not have an operations cost
associated with them, but would rather offset the need to purchase external power production resources or
would allow more faithful adherence to the shifting needs of the system. Conversely, the frequent
exercising of the system with power shifts may decrease the overall reliability and lifetime of the system,
leading to increased capital costs due to replacement of capital equipment.
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6. ONGOING AND FUTURE WORK

6.1 INTEGRATION WITH EXTERNALLY-GENERATED MODELS

The model shown and described in Section 2, and attached in Appendix A, represents the system-level
flowsheet. ORNL is working to develop the reactor, manifold, balance of plant, and switch yard models
for implementation in Modelica. ANL is developing the storage battery model, and INL is developing the
hydrogen production and gas turbine models.

ORNL will work to integrate the ANL and INL models in the overall Modelica model. This process
requires the definition of interfaces among the different sub-system models for the transfer of mass,
energy, instrumentation, and control variables for overall system function.

The overall system function is controlled by a supervisory control system. It is this control system that is
altered to seek the optimization of the performance relative to the figures of merit.

6.2 INTEGRATION WITH RAVEN

The figure in Appendix A shows the connection between RAVEN and the control system. RAVEN will
be the overall analytical and optimization driver for the system. This interface and optimization system
will be developed and implemented by INL.

6.3 CASE ANALYSIS

Once all the sub-systems have been integrated, the initial case analyses can commence. The initial case
analysis will calculate figures of merit based on an input demand profile.
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APPENDIX A. NHES PROCESS AND INSTRUMENTATION
DIAGRAM






Fyubem Sulpk Bendary
|

e CONTROL SYSTEMS |

=] e o [ .

_.._

o o e
]

Teaparshies, wné Fessirs Tramusitsr

o w_r? aked Valvs

{ee Hachaslsn

e
of Traseter
FUY = Ircdastrid Fracess Distrbatbn Valve
Wil

T-E

F-Fa
F-hg's

RAVER

“mﬁn ES_. m F.._.ﬂ& SEMSDES COSTEOLS

SRR FRKAHETER] HAKFOLD _._.m_r._.:;.n_.m.m BALANCE OF FLANT HLEMAL FAZAHETERS

@ )
T

|
|
!
!
|
|
|
|
|
|
|
|
!
!
|
|
|
|
|
|
|
|
!
|
|
|
|
|
|
|
|
!
!
|
|
|
|
|
|
|
|
!
!
|
|
|
|
+f
|
|
|
!
!
|
|
|
|
|
|

_.-luu_ o
m_.. f 5 P @
STEAMH ASEIENT
— SEMSDRS CONTSOLS
@ _S e ) : :
: T (A [ ST
=i m.n
" LSMENGATE AW|TCH YalD
= ﬂ
i 5 _.,H.\\
/ﬂ
TTLe N TS SORE IR m_..w_\ i T
BT ¥ | ¥ e O kad
_hﬂ._\v._|
- o)
#FT
WOUSTAAL FROCESS : HYDROGEN  HOHAL PAAWSETERS GAS TUREIE iece Theaugil BapABAL FARARETERS: AR T s [~
! | ® .
L ol st (3 @)
T Lifed S _.._.
aATTERY MEERTER o Hptrager Pracuct
I, \.i AHIENT
@ J— = v i 2,@:3
m.“m_z o—r

arzEsT

T ] b n
_m_.l_@
AFIEST 3
€
U

AT -
CH; _ I

A-3



	CONTENTS
	list of tables
	list of figures
	Acronyms
	1. INTRODUCTION TO NUCLEAR HYBRID SYSTEMS
	1.1 DEFINITION OF NUCLEAR HYBRID SYSTEMS
	1.2 CONTEXT OF NUCLEAR HYBRID SYSTEMS
	1.3 PERFORMANCE GOALS OF NUCLEAR HYBRID SYSTEMS

	2. COMPONENTS OF A NUCLEAR HYBRID SYSTEM—THE BASE CASE
	2.1 NUCLEAR REACTOR
	2.2 POWER CONVERSION SYSTEM
	2.3 ELECTRICAL STORAGE SYSTEM
	2.4 AUXILIARY POWER GENERATION SYSTEM
	2.5 INDUSTRIAL CUSTOMER

	3. MODELING THE NUCLEAR HYBRID ENERGY SYSTEM
	3.1 MODELING METHODOLOGY
	3.1.1 Modelica

	3.2 NUCLEAR STEAM SUPPLY SYSTEM MODEL
	3.2.1.1 Nuclear Reactor Core
	3.2.1.2 Internal Pressurizer
	3.2.1.3 Helical Coil Steam Generator

	3.3 THERMAL MANIFOLD MODEL
	3.4 POWER CONVERSION SYSTEM MODEL
	3.5 ELECTRICAL STORAGE SYSTEM MODEL
	3.6 INDUSTRIAL PROCESS MODEL
	3.7 AUXILIARY POWER GENERATION SYSTEM MODEL
	3.8 SWITCH YARD MODEL
	3.9 QUALITY ASSURANCE AND MODEL VERIFICATION

	4. NUCLEAR HYBRID ENERGY SYSTEM INSTRUMENTATION AND CONTROL
	4.1 NUCLEAR STEAM SUPPLY INSTRUMENTATION AND CONTROL
	4.2 THERMAL MANIFOLD INSTRUMENTATION AND CONTROL
	4.3 POWER CONVERSION SYSTEM INSTRUMENTATION AND CONTROL
	4.4 OTHER COMPONENT INSTRUMENTATION AND CONTROL
	4.5 SUPERVISORY SYSTEM INSTRUMENTATION AND CONTROL

	5. NUCLEAR HYBRID SYSTEM FIGURES OF MERIT
	6. ONGOING AND FUTURE WORK
	6.1 INTEGRATION WITH EXTERNALLY-GENERATED MODELS
	6.2 INTEGRATION WITH RAVEN
	6.3 CASE ANALYSIS

	7. REFERENCES
	APPENDIX A. NHES PROCESS AND INSTRUMENTATION DIAGRAM


