
 

 

 

ABSTRACT 

 

MIKKELSON, DANIEL MARK. Integrated Energy Systems with Thermal Energy Storage: 

Technology Selection, Preliminary Design, and Analysis. (Under the direction of Dr. J. Michael 

Doster). 

 

To advance Integrated Energy Systems (IES) design and deployment, this research details 

progress on IES research, thermal energy storage integration technologies, and potential IES 

secondary energy users. This research describes detailed model development that can be used for 

dynamic analysis and optimization. Model development of the energy conversion cycle of a 

NuScale Power Module continues IES research and is central to this proposed work. Using the 

Department of Energy Nuclear Office Joint Use Modular Plant program led by Idaho National 

Laboratory as the design basis, this research developed an IES dynamic model for design, 

sensitivity, and economic studies. Background research includes integrated energy systems 

configurations and economics, thermal energy storage technology development, and nuclear 

compatible thermal energy applications. Preliminary research details the results of a figure of 

merit study of thermal energy storage technologies in a specific deployment scenario. Research 

tools and methods are identified for model development, as well as the contributions of new and 

complete nuclear power conversion models integrated with thermal energy storage for the 

dynamic allocation of energy to multiple users.  
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CHAPTER 1 – INTRODUCTION 

1.1 Research Question Statement 

Global electrical grids continue to integrate renewable energy sources alongside existing 

nuclear, coal, hydro, and natural gas generation. The influx of supply from solar and wind power 

has resulted in increased net demand variability on the grid. Selling electricity is becoming less 

economical for baseload plants as the marginal price of electricity, set by the marginal cost of net 

demand production, frequently decreases. Plant closures are occurring more frequently in part 

due to this new grid dynamic. Because renewable energy is often incentivized and thus allows 

for profitable operation at low and negative marginal costs, high penetrations of renewable 

energy can cause the marginal cost of net demand production to be very low or negative [1]. The 

net demand shift is causing a paradigm change in the profitable operations of baseload power 

plants. These price shifts are reflected both in daily prices and in the valuation of ancillary 

services such as spinning and non-spinning reserves.  

In the U.S., nuclear energy has overwhelmingly been used to generate baseload 

electricity. While nuclear reactors are able to flexibly operate, and are operated so due to 

economics at times of very low electricity prices, nuclear reactors should operate at maximum 

power as often as possible to recover the large capital costs incurred by their construction. 

Economically, two-thirds of the cost of a nuclear plant is incurred as up-front capital, with only 

about 12% appearing as variable fuel, operations, and management [2]. Thus, the marginal 

income lost by reducing power or shutting down is not matched or reflected in the reduced 

operating costs. Building new nuclear power has become more expensive relative to other U.S. 

energy sources, especially under the new operating paradigm [3]. 

One proposed solution is energy storage in electrical, chemical, mechanical, or thermal 

forms [4]. As nuclear power plants directly produce thermal energy, thermal energy storage 

(TES) requires the fewest energy transformations and as a result incurs the fewest losses, 

depending on the specific efficiency during storage. TES is pre-selected as a research topic due 

to the lack of energy transformations required for its use as well as the nuclear-specific research 

needs to use the technology. Unlike mechanical, some chemical, or electrical storage, thermal 

energy storage would need to be co-located with the nuclear power plant and would introduce 

more tightly coupled systems. Few tightly coupled nuclear systems exist in non-military 

environments, and reactors have so far been designed for electricity production.  
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The goal of this research is to investigate the operational dynamics of a nuclear reactor 

system tightly coupled to thermal energy storage to meet an altered system electrical demand that 

improves economic performance. This research was supported by and integrated with the Joint 

Use Modular Plant (JUMP) and Integrated Energy Systems (IES) programs led by Idaho 

National Laboratory (INL) and funded via the Department of Energy (DOE) Office of Nuclear 

Energy. The JUMP program is a joint endeavor between INL, NuScale, the DOE, and the Utah 

Area Municipal Power Systems (UAMPS) to use a NuScale Power Module (NPM) from the 

Carbon Free Power Project (CFPP) for research, development, and demonstration purposes 

(RD&D). The JUMP program was established to advance a wide range of research that could be 

supported utilizing a light-water cooled small modular reactor, linking both research and 

commercial operation within a single facility. A key research goal associated with JUMP is the 

investigation of the role of thermal energy storage integrated with a nuclear system, which the 

research presented in this document supports. Additionally, the research presented herein 

supports intermediate program deliverables in the DOE-NE Integrated Energy Systems program 

based at INL. At present, JUMP has been placed on hold and deferred for later decision to 

maximize resource availability for CFPP and NuScale to facilitate the licensing and deployment 

of the overall system. The Integrated Energy Systems program at INL continues to operate in its 

full capacity.  

1.2 Significance of Study 

This study presents the results of newly detailed dynamic modeling of a nuclear reactor 

system thermally integrated with storage. This research expands prior research by replacing 

previous boundary conditions with full physics-based modeling. Results include increased detail 

to observe phenomenon in thermal-to-electric power conversion previously unmodeled. Results 

inform the nuclear power industry and electricity generators on specific advantages or challenges 

from using integrated energy systems of nuclear power and thermal energy storage. These results 

include cost analysis of storage introduction and potential operational profit. As the world 

continues to integrate more intermittent renewable energy, the results of this research can inform 

grid decision makers on how nuclear energy can continue to play a role in electrical grid 

reliability.  
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CHAPTER 2 – LITERATURE REVIEW 

2.1 Integrated Energy Systems Progress 

Integrated Energy Systems, often referred to as Nuclear-Hybrid Energy Systems (NHES), 

are being investigated as one solution for multiple problems that currently face the growing 

energy needs of the developed world. More people have increased access to modern technology 

leading to more energy consumption per person. Increasing global energy supply while 

simultaneously decreasing greenhouse gas (GHG) emissions is challenging and has led to 

research focus on carbon-free energy sources such as solar, wind, biomass, hydro, and nuclear 

power. To continue to use nuclear power in support of other renewable and low-emission 

sources, integrated energy systems are proposed. 

NHES were defined as a system that include two or more energy producers combining 

their outputs to sell electricity as well as create some alternative product. Energy storage is often 

included in system designs, such as the battery storage in Figure 1. The energy producers in 

NHES include a nuclear reactor and at least one intermittent renewable energy source. Due to the 

sizes of renewable energy plants, small modular reactors (SMR) are often proposed as the best 

pairing option. The second product created by a NHES depends on the deployment area. For 

instance, it is practical in Arizona to pair electricity generation with a desalination plant, while in 

Texas electricity production may be paired with gasoline production.  

 

Figure 1. Original NHES high level diagram [5] 

Research regarding NHES has developed out of the original concept of cogeneration 

systems. Cogeneration systems consist of a power plant thermally or electrically connected to a 

commodity producing plant behind the general electrical grid. The cogeneration system most 
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analyzed is a nuclear power plant connected to a desalination plant [5] [6] [7] [8]. Research in 

this area is motivated similarly to NHES: reduction of GHG production by using SMR 

technology to co-locate energy sources with an industrial consumer. The purpose of different 

studies included determining the optimal thermal connection system, as well as evaluating what 

form of desalination plant creates the most economically viable system [5] [7] [8]. Other 

applications that have been studied for nuclear reactors include cogeneration with chemical 

processing plants, reverse osmosis, and as well as use in oil recovery and refining [9] [10]. In 

general, these separate papers continuously evaluated SMR technology as an economically 

viable alternative to cleanly replace GHG emitting energy sources.  

Separately, proponents of renewable energy have analyzed how to use nuclear power in 

order to cleanly mitigate the intermittent downside of renewable energies [11]. However, some 

of these studies did not consider the economic impact and made decisions such as allowing a 

nuclear reactor to vary in power, some even completely shutting down. Nuclear reactors profit 

when operating with very high capacity factors. Improved studies investigate the potential for 

thermal and electrical storage capabilities to allow all power production facilities to operate at 

their maximum capacities [12]. The conclusions of many researchers have been increasing 

renewables alone cannot stem climate change, but that nuclear power must also replace fossil 

fuel electricity generators across the world.  

Integrated energy systems with nuclear power have been proposed as solutions. They 

uniquely combine renewable energy resources at their maximum capacity while also providing a 

baseload nuclear power plant with an option to maximize its capacity factor through production 

of a complementary product. Specific deployment options have included pairing nuclear reactors 

with gasoline production facilities, desalination plants, and biomass refineries [13] [14]. By 

utilizing the heat sink available from the secondary production, more revenue paths are available 

to IES [13]. Realistic and applicable IES economic analysis models are continuing to be 

developed to understand region-specific deployment options. This research presents physical 

models that can be used in tandem with these economic models to verify operational dynamics.  

2.2 Reactor Selection – NuScale  

The NuScale SMR is an integral pressurized water reactor (IPWR) designed to operate 

over its full 160+MWt (“t” indicates thermal, “e” indicates electric) range cooled by natural 

circulation. The NuScale Power Module is intended to be a safe-by-design nuclear reactor that is 
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cost competitive with other energy sources while providing carbon-free power generation. While 

the design is based on existing pressurized water reactor (PWR) technology to expedite the 

licensing timeline for this project, NuScale has increased reactor safety. Safety features include 

indefinite, operator-free cooling without using power or additional water during shutdown, 

redundant passive decay heat removal systems, fewer large pipes, and an elimination of reactor 

coolant pumps.  NuScale boasts the first reactor “proven to not require power to be safe” [15]. 

The Nuclear Regulatory Commission completed its final certification of the NuScale reactor in 

August, 2020, approving the reactor design for production [16].  

The NuScale reactor is cooled via natural circulation where the primary cooling water 

rises from the bottom of the reactor vessel through the core, up through a tall riser, before 

entering the downcomer and flowing over the steam generators [17]. This process allows for 

buoyancy forces to drive the coolant flow in all power conditions and eliminates the need for 

reactor coolant pumps. Heat is transferred to the secondary side via two helical coil steam 

generators. The fluid conditions are equalized at the outlet of the final feedwater heater and at a 

steam plenum prior to the turbine control valve (TCV). Sample graphics of the core and primary 

coolant system are shown in Figure 2. 
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Figure 2. Major NPM components and flow path from NuScale, LLC [17] 

The original reactor design operates at 160 MWt using <5% enriched UO2 fuel on a two-

year refueling cycle [18]. The primary coolant is designed to operate at 12.7 MPa (1850 psia), at 

a hot leg temperature of around 310°C (590°F) [19]. This temperature and pressure, along with 

the efficient helical coil steam generator, leads to secondary loop design pressure, temperature, 

and flow rates of 3.4 MPa (500 psia), 302°C (575°F), and 241,000 kg/hr (532,000 lbm/hr) 

respectively [20]. With respect to TES introduction in conjunction with a NuScale reactor in a 

power-peaking configuration, this is a likely integration point of TES discharge steam into the 

turbine. 

Design documents, shown in Figure 3, submitted to the NRC also show the currently 

planned standard secondary side design of the NuScale reactor. Two different operational states 

were submitted, evaluating the same design at approximately 159 MWt and 162 MWt [20]. The 

design schematic in Figure 3 shows various state points on the NRC documentation secondary 

side design at 162 MWt.  
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Figure 3. Secondary Design Document for 162 MWt power rating [20]. For 

additional clarity, see Section A.4 in the Appendix 
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This design shows not only the steam conditions that exist downstream of the steam 

generator available for charging a TES system, but also expected conditions at potential steam 

reintroduction points and feedwater heat exchangers.  All of these data points are not only useful 

for comparing the results of this research and NuScale’s models, but can guide some design 

decisions that TES introduces that are not present in a purely electricity generating module. This 

information leads to the data in Table 1 of current estimated turbine stage inlet conditions. 

Table 1. Potential steam conditions at various turbine stage inlets in present NuScale power 

conversion designs. 

Design Point in Figure 3: kPa °C psia °F 

3 3170 303 460 578 

4 2613 283 379 542 

6 524 153 76 308 

8 255 128 37 262 

9 138 109 20 228 

11 63 87 9.2 189 

12 52.4 83 7.6 181 

13 26 67 3.9 152 

 

Introduction of TES into this system will introduce dynamic behavior as steam is diverted 

out of the normal turbine generator train and towards the TES module. If the TES application is 

to provide peak heating, then re-introducing steam into the power conversion system will also 

alter the fluid conditions in the system. Because feedwater heating uses steam taps from various 

turbine stages, any change in the flow rate passing through that turbine stage will affect the 

feedwater conditions re-entering the steam generator.  

The application of TES will affect the precise design of the power conversion cycle at a 

given NuScale plant. First, if the operation of TES is designed to shift load from off-peak to peak 

electrical generation hours, the turbine-generator train must be oversized to accommodate the 

new maximum electricity generation of the system or a separate turbine-generator train must be 

available for the TES. Secondly, any charging or discharging of the TES leads to questions of 

how to adjust the feedwater heating so that there is limited feedback in reactor power due to 

changes in primary cooling. Additionally, in a system where an intermediate heat exchanger is 
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used to transfer heat from bypassed steam into the TES medium, there are questions of how to 

utilize bypass steam flow after it passes through the intermediate heat exchanger. Research has 

shown that the condensate from the intermediate heat exchanger that charges the thermal energy 

storage system can be used to aid in controlling feedwater temperature [21]. Further, if a TES 

system is used to support peak power demand, the source of the feed flow to the auxiliary boiler 

must be determined as well as the reintroduction point into the power generation train. It may be 

possible to introduce sequences of applications for the bypass steam, which are topics for future 

research. TES and thermal application selection will inform additional design decisions of this 

type of system.  

2.3 Thermal Energy Storage Technologies 

Thirteen specific technologies are presented. Technology summaries are presented in 

Section 2.3 with more details in Appendix A.1. The investigated thermal energy storage 

technologies are aquifer and borehole underground thermal energy storage, geothermal energy 

storage, hot and cold water storage, steam accumulators, firebrick, concrete sensible heat storage, 

thermochemicals, phase change materials, and thermal oil and molten salt two-tank and 

thermocline systems. The research focus was based on compatibility with the JUMP program 

goals of flexible thermal energy storage use.  

2.3.1.1 Round Trip Efficiency  

One commonly used term in storage discussion and analysis is round trip efficiency 

(RTE). The specific system definition of RTE can vary, and so it shall be clarified for storage 

here. Round trip efficiency in storage is defined as the system-specific percentage of excess 

energy produced during discharge compared to the energy deficit during the charging process, 

each when compared to nominal values. Equation 1 describes a general storage RTE function in 

a system of unknown number K energy flows Q1…K. Equation 2 is RTE for a power-peaking only 

system. The Dirac Delta 𝛿(𝑡 − 𝑡𝑑𝑖𝑠) can be understood as introducing a discrete sum of an 

argument within an integral, as it is 1 when the argument is true and 0 when the argument is 

false. Equation 2 is over J instances of charging and I instances of discharging contained within 

an evaluated time period.  

𝑅𝑇𝐸 =
∫ 𝛿(𝑡 − 𝑡𝑑𝑖𝑠)(∑ 𝑄𝑘,𝑠𝑦𝑠 − ∑ 𝑄𝑘,𝑛𝑜𝑚𝑖𝑛𝑎𝑙)𝑑𝑡

𝑇

0

∫ 𝛿(𝑡 − 𝑡𝑐ℎ)(∑ 𝑄𝑘,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 − ∑ 𝑄𝑘,𝑠𝑦𝑠)𝑑𝑡
𝑇

0

(1) 
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𝑅𝑇𝐸𝑃𝑤𝑟𝑃𝑒𝑎𝑘 =
∑ ∫ (𝑄𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 − 𝑄𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟,𝑛𝑜𝑚𝑖𝑛𝑎𝑙)𝑑𝑡

𝑡𝑑𝑖𝑠,𝑓𝑖𝑛𝑎𝑙,𝑖

𝑡𝑑𝑖𝑠,𝑖𝑛𝑖𝑡,𝑖
𝑖=1,𝐼

∑ ∫ (𝑄𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 − 𝑄𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟)𝑑𝑡
𝑡𝑐ℎ,𝑓𝑖𝑛𝑎𝑙,𝑗

𝑡𝑐ℎ,𝑖𝑛𝑖𝑡,𝑗
𝑖=1,𝐽

(2) 

  The RTE of a storage module should be defined only within the context of an 

application and acknowledge how the different system operating times (𝑡𝑐ℎ,𝑖𝑛𝑖𝑡, 𝑡𝑐ℎ,𝑓𝑖𝑛𝑎𝑙, 𝑡𝑑𝑖𝑠,𝑖𝑛𝑖𝑡, 

and 𝑡𝑑𝑖𝑠,𝑓𝑖𝑛𝑎𝑙, where ch indicates charge and dis indicates discharge) are established. The 

operational choices will influence the RTE and thus impact economic evaluation of storage. In 

the results of the economic analysis of Section 4.5, system operating times are set by the 

economic algorithm. The discharging final time instances are set by either the demand curve or 

by a valve that shuts when the discharge fluid becomes a saturated liquid. This shutdown signal 

is specific to a power peaking method from any variable discharge temperature storage source.  

2.3.1.2 Technology Readiness Level 

Technology readiness level (TRL) referenced in this research refers to the 2011 U.S. 

DOE Technology Readiness Assessment Guide [22]. The document guides classification of 

technological developments all the way from the idea stage to full deployment stage. TRL is a 

useful tool to evaluate potential technological timelines. One can split the TRL levels into 3 

major categories. In the 1-3 range, feasibility of a technology is researched, and proof of concept 

is investigated. TRL 4-6 indicates subsystem and laboratory experimentation. A TRL of 7 and 

above indicates that a prototypical system has been tested in a relevant operational environment 

and either has been, or can be, commissioned for use. Summarized descriptions of each TRL 

from 1 to 9 are included in Table 2. 
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Table 2. DOE Technology Readiness Level assessment guide summary 

Relative Level of 

Technology 

Development 

Technology Readiness 

Level 
TRL Definition 

System Operations TRL 9 
Actual system operated over the full range of expected 

mission conditions.  

System 

Commissioning 

TRL 8 
Actual system completed and qualified through test and 

demonstration.  

TRL 7 
Full-scale, similar (prototypical) system demonstrated 

in relevant environment  

Technology 

Demonstration 
TRL 6 

Engineering/pilot-scale, similar (prototypical) system 

validation in relevant environment  

Technology 

Development 
TRL 5 

Laboratory scale, similar system validation in relevant 

environment  

Technology 

Development 
TRL 4 

Component and/or system validation in laboratory 

environment  

Research to Prove 

Feasibility 

TRL 3 
Analytical and experimental critical function and/or 

characteristic proof of concept  

TRL 2 Technology concept and/or application formulated  

Basic Technology 

Research TRL 1 Basic principles observed and reported  

 

2.3.2 Underground Thermal Energy Storage 

Underground thermal energy storage (UTES) includes two different technologies: aquifer 

and borehole storage. Both technologies store energy directly as heat, but with different storage 

media. Aquifer energy storage stores water in separate cold and warm wells [23] [24].  Borehole 

storage uses water in thermal loops to heat and cool the local geology to store heat [25] [26]. 

Both strategies are used for seasonal heat storage with the primary application of mitigating 

seasonal heating and cooling requirements.  

UTES is a fully developed technology used to mediate building temperatures by 

seasonally storing cold and warm thermal masses. Thus far, there are no UTES charging methods 

that involve media other than liquid water. Any interface with steam produced by nuclear 

generated heat would require new heat exchange methods.  
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2.3.3 Hot and Cold Water Storage 

Hot and cold water storage, or chilled water storage, is a common thermal energy storage 

method in locations with peak demands on heating and cooling systems. The process involves 

storing chilled or heated water in a thermocline tank or in multiple tanks during low electricity 

price and demand periods in order to provide cooling or heating during periods of high prices 

and demands. This is commonly done for HVAC systems at large office buildings, campuses, or 

housing district networks. Many traditional systems use electric chillers, and there has been 

research regarding how absorption chillers could be thermally integrated with SMR technology 

[27] [28].  

Because water has such a large density change with temperature, coupled with a 

relatively low thermal conductivity, it is possible to have a single thermocline tank with the hot 

water at the top of the storage tank and the cold water at the bottom. A thin, high gradient, 

thermocline layer is established between the hot and cold storage sections. Possible temperatures 

in these water storage tanks are heavily pressure dependent, and it has not been economical to 

increase the potential hot water temperatures. This storage is well-understood and is a highly 

developed technology.  

2.3.4 Geothermal Storage 

Geothermal energy storage involves hybridizing underground thermal energy storage 

techniques with geothermal power plant concepts. Initial research and design of this storage 

method involves installing hot and cold wells at deep locations (around 1300 m) [29]. Hot wells 

accept heated, pressurized water during storage charging times, and after discharging the water it 

is returned to cold wells. To ensure that coolant injection does not fracture the surrounding 

sediment, injection pressures need to be lower than the surrounding rock pressures. In 

sedimentary rock formations, hot and cold wells can create a thermocline within the rock 

formation [29]. 

Initial research has investigated whether solar plants or light water reactors (LWR) can 

successfully integrate with geothermal energy storage [29] [30]. Higher temperatures would 

expand the potential applications of this storage method, but this technology is still at a 

theoretical stage.  
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2.3.5 Solid Media Storage 

Solid media storage is a form of sensible heat storage using a solid structure. The heat is 

directly stored via temperature increase in the structure. A significant design issue that must be 

addressed in solid media is the material stress added via thermal expansion and contraction. Two 

forms of solid media storage are investigated in this report. The first is firebrick thermal energy 

storage, which uses electrical resistance heating to obtain very high temperatures. The second 

form of solid media storage is concrete thermal storage. Concrete will be used as a representation 

of thermally integrated solid material storage.  

2.3.5.1 Firebrick  

Firebrick thermal energy storage uses electrical energy to resistively heat a ceramic 

material that later discharges heated air at high temperatures. The technology is based on 

regenerative Cowper stoves and brick stacks, which are used to recover large amounts of gas 

heat in other industrial applications. The high temperatures, 1000-1700°C, necessitate that the 

material is some form of ceramic such as Al2O3, MgO, or SiC [31]. Due to power and energy 

interdependency in solid media storage systems, firebrick needs to be sized no smaller than 3x 

the power capacity needed from the application [32] [33]. Continued research into this 

technology is needed for large-scale application as existing firebrick systems have peaked at 10 

MWh [31].  

2.3.5.2 Concrete  

Concrete thermal energy storage is at near-deployment stage of development. The 

governing concept is to use concrete, more typically used as an insulator, as a thermal battery. A 

heat transfer fluid (HTF) flows within a steel piping structure that is encased within the concrete 

battery structure. Heat is then transferred through the pipe walls and stored in the concrete during 

charging, and similarly dissipated during discharging. Multiple companies are developing this 

technology domestically and abroad. They market unique concrete formulas and construction for 

future application [34] [35] [39] [40].   

Storage temperatures are restricted to lower than 450°C due to the material constraints of 

concrete. In LWR systems, this temperature is more than what could be provided, indicating a 

potentially good match for nuclear integration. Further, the power rate and the energy stored are 

also directly linked, which can be a disadvantage in demand oriented systems as compared to 

mode oriented systems. Construction techniques and the ability to match the thermal expansion 
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of the concrete material to the steel piping structure to maintain heat transfer are some of the 

main hurdles to final demonstration of this technology.  

2.3.6 Phase Change Materials 

Phase change materials (PCM) store energy in the form of latent heat between two 

phases: most commonly a solid phase heated to a liquid phase. The heat storage capacity and 

density of phase change materials is higher than sensible heat systems due to the latent heat of 

phase transition. Phase change material selection involves careful investigation of thermal, 

physical, kinetic, and chemical properties [41]. Phase transition can also be between two states of 

a material such as hydration and dehydration [42]. Due to the complexities of phase transition, 

expensive and creative geometry designs are currently required to ensure adequate heat transfer 

[42] [43].  

PCMs have many design challenges that still require research depending on the material. 

These challenges include heat transfer effects and freezing/melting or hydration/dehydration 

fronts, specific volume changes, supercooling, cyclability degradation, loss of material, and 

insufficient data of certain materials [44] [45] [46] [47]. Phase change materials, once 

operational, are well suited for thermal energy storage applications over a variety of 

temperatures, but unfortunately PCMs are generally still at low TRLs.  

2.3.7 Thermochemical Energy Storage 

Thermochemical energy storage involves reversible chemical reactions in which energy 

is stored via an endothermic reaction occurring at a trigger point, to be released by the reverse 

exothermic reaction. Many chemical reactions are temperature dependent for reaction initiation 

and subsequent reaction rates. There exists a significant research base into thermochemical 

energy storage from the solar energy community, as the field seeks to provide an intermediary 

between solar energy production and dispensation [48] [49] [50]. Significant research challenges 

exist in this research field regarding cyclability, material selection, and reactor design [48] [51] 

[52] [53]. Thermochemicals are still in theoretical design and laboratory experiment stages, but 

could be very useful once they are a mature technology.  

2.3.8 Liquid Sensible Heat Storage 

Sensible heat storage is the process of storing heat through a temperature increase in the 

storage medium. In this section, two different system types and two materials will be discussed. 
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The system designs are either two tank or thermocline, and material types discussed are 

restricted to molten salt and thermal oil.  

2.3.8.1 Two Tank 

Two tank sensible heat storage is the most common form of sensible heat storage [54]. 

The process involves two large tanks, each capable of handling the entire storage mass. One tank 

is kept cold, and the other is kept hot. During charging, storage mass is pumped from the cold 

tank, through a heat exchanger, and then stored in the hot tank. During discharge, the reverse is 

done [55] [57]. The largest concern or drawback from this system is the capital cost associated 

with making two tanks large enough to handle the entire required storage mass, but an advantage 

is that the discharge temperature can be held constant.  

2.3.8.2 Single Tank Thermocline 

Single tank thermoclines store heat storage mass separated by a thin thermocline region. 

Large buoyancy changes and low internal thermal conductivity are very desirable for these 

systems to maintain the smallest thermocline region possible. Often, a cheaper filler material is 

used to increase the storage density via higher heat capacity values and to decrease the cost of 

the storage system [58]. Internal flow characteristics as well as structural and filler designs have 

significant impact on the thermocline behavior [57] [59]. Most research available focuses on 

molten salt storage using a crushed rock filler due to its higher temperature capabilities and solar 

energy applications. The cost of building a single thermocline tank system costs around two-

thirds of a similar two-tank system [57]. 

2.3.8.3 Molten Salt 

Molten salts are liquefied salts characterized by high melting and boiling points, and 

attractive physical properties for heat transfer [43]. Salt choice will be especially important if 

linked to an LWR system, as the liquidus temperature will dictate the minimum TES temperature 

while the LWR secondary side steam temperature will set the maximum TES temperature. Large 

temperature differences are desired to minimize the storage volume, thermal mass, and costs. 

Eutectic salts all have different liquidus temperatures, with the lowest salt melting point observed 

as a five-component eutectic nitrate-nitrite mixture LiNO3-NaNO3-KNO3-NaNO2-KNO2 with a 

melting point at 74.4°C [55]. A quaternary Ca-Li-Na-K nitrate mixture with a liquidus point of 

95°C also exists [60] [61]. Li and Ag salt mixtures exhibit low melting points, but the presence 
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of these elements increases their cost.  The maximum temperature of most salts is around 500°C, 

after which point the salts degrade  [61] [62].  

Specific salt selections must include a great deal of material considerations, only 

increasing with more salt compounds that make up a eutectic salt. One significant advantage to 

using molten salts as energy storage media is the low pressure and inherent safety of the 

material. Salts solidify when they leak, leading to safer conditions during postulated accidents.  

2.3.8.4 Thermal Oil 

Thermal oils are compounds designed to store and move heat effectively at low and 

medium temperature ranges. A common thermal oil, Therminol®66 maintains a stable operation 

range from -3°C to 345°C [63]. Another thermal oil company Duratherm maintains a variety of 

oils capable of operating from low temperatures to 315°C or more [64]. Oil costs are higher than 

salt for the same volume and energy capacity of storage given sufficiently high temperature 

changes. This is due to higher prices per unit mass and lower densities that higher heat capacities 

do not overcome [65]. Thermal oils also have higher environmental impact concerns than salts 

do, affecting their selection [65]. Balancing the costs impacted by system size and the efficiency 

at operating temperatures should dictate the use of salt or oil. In low temperature situations, 

thermal oils can be easier to use as there is not a risk of oil solidifying and it can be operated at 

low pressure.  

2.3.9 Steam Accumulators 

Steam accumulators are very well understood components of manufacturing systems. 

Accumulators are often used when there is a cyclical requirement for a large steam input where 

using a boiler that could dispatch the needed heat would be overly expensive. An accumulator 

allows for the boiler to operate at lower power outputs, storing energy in the accumulator. 

Accumulators do not primarily store steam, but instead a water-steam mixture that is saturated. 

Spirax Sarco advises that steam accumulators are about 90% liquid by volume when fully 

charged [66]. Steam is inserted in the bottom of an accumulator directly via nozzles. Steam is 

removed via valves at the top of the vessel [67]. Steam accumulators have sliding discharge 

pressure as the steam vacates, allowing saturated water to flash to steam [67]. For grid storage 

applications, the cost per unit energy stored in steam accumulators may be too high to be 

practical.  
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2.4 Large Thermal Applications 

Six specific large thermal applications have been investigated for integration potential 

with a nuclear IES. Summaries of these technologies are described in this section with more 

details in Appendix A.2. Applications include high temperature steam electrolysis, coal 

gasification, gasoline production, desalination, liquid air energy storage, and paper milling via 

the Kraft process. These technologies were selected due to the compatibility between the thermal 

application demands and the output of the NuScale Power Module, which led to INL interest in 

them. Multiple applications are included due to the JUMP program goal to show the flexibility of 

TES capabilities.  

2.4.1 High Temperature Steam Electrolysis 

Growing global demand and interest in Hydrogen is increasing. Its use as a clean fuel has 

driven development for hydrogen based fuel cell technology. Hydrogen is also used in oil 

refining and chemical production, and is being investigated for use in natural gas distribution. 

Hydrogen is pursued due to its abundance (presence in water), high available energy density, and 

clean (no CO or CO2) burning. One H2 production method is high temperature steam 

electrolysis (HTSE). In this process, electricity and high temperature steam chemically split 

water into hydrogen and oxygen [68]. HTSE is an energy intensive process, using about 170 

MJ/kg [69]. Producing hydrogen using HTSE processes with steam produced by LWRs would 

require electrical topping heat or other heat boosting to increase steam temperature from 300°C 

to 850°C for higher efficiency. 

2.4.2 Coal Gasification 

Coal gasification is the process of using supercritical water to chemically breakdown coal 

into hydrogen and syngas, both products that are usable as fuels that are environmentally cleaner 

than coal. The process of coal gasification requires supercritical water, which occurs at pressures 

in excess of 22 MPa (3200 psia) and temperatures higher than 374°C [70]. Coal gasification 

actually occurs at temperatures much higher than these, in the 650°C-750°C range [71]. It is 

possible to obtain over 90% coal conversion in the 650°C-750°C range [70] [71]. Much like in 

HTSE, linking LWR technology to coal gasification will require extensive temperature boosting 

accomplished via either natural gas heating or electrical topping heat.   
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2.4.3 Gasoline Production 

Producing gasoline from crude oil requires large amounts of thermal and electric energy. 

Petroleum refining plants produce some of their steam and electric power directly on site. 

Nuclear-generated heat and electricity can be used to provide the 9.6% of required input steam 

generation, and the 24.3% of needed electricity at operating petroleum plants. These would 

represent about half of the non-fuel offsite energy requirements. Over half of the steam 

requirements of petroleum refineries are below 2 MPa (300 psig), below the steam discharge 

pressure of LWRs [74]. SMR deployment to support petroleum plant needs has been previously 

researched in the context of nuclear-renewable hybrid energy systems. This work found that 

integration of nuclear energy into this process is possible and can provide generation stability 

and economic benefit [5] [75].  

2.4.4 Pulp and Paper Mill 

The pulp and paper industry is one of the largest users of process steam in the U.S. and 

requires around 50% of its energy input from offsite [76] [77]. Pulp and paper mills primarily 

require process steam at temperatures and pressures that LWRs can provide. Kraft pulping, 

sulfite pulping, washing, refining, bleaching and drying processes all use steam pressures 

between 200-1000 kPa (30-150 psia) and temperatures below 175°C (350°F) [74]. Paper mills 

produce on-site power via recovery boilers, which supply high temperature and pressure 

demands at mill sites. Large thermal and electrical requirements at appropriate LWR steam 

pressures and temperatures make pulp and paper mills ideal candidates for cogeneration 

integration with SMRs or LWRs buffered by TES.   

2.4.5 Chemical Manufacturing  

Chemical manufacturing processes use steam for stripping, fractionation, power 

generation, mechanical drive, quenching, dilution, process heating, vacuum draw, injection, and 

source of process water [74]. Ethylene, ammonia, urea, styrene, polystyrene, sodium hydroxide, 

PVC, acetone, benzene, toluene, xylene, sodium carbonate, polybutadiene rubber, styrene 

butadiene rubber, and butyl rubber manufacturing processes all use steam within NuScale design 

pressure [74]. Manufacturing Energy Consumption Survey (MECS) data shows that in 2014, 

chemical manufacturing accounted for about 33% of the total manufacturing energy use [76]. 

MECS data also states that more than 60% of offsite energy production was made by natural gas, 

which should allow for avenues of applications of nuclear heat from LWRs [77]. 
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2.4.6 Water Desalination  

Water desalination is a growing global need, as clean water demand exceeds natural 

production. Desalination occurs primarily through thermal distillation methods (boiling water 

and reducing the salt content) or through reverse osmosis (RO) (forcing water through 

semipermeable membranes). RO plants now account for around 69% of global water production, 

and as such most of this section will be focused on this dominant technology [78]. Reverse 

osmosis plants have become the lead desalination method due to their low energy requirements 

for water production [79]. It also produces less amounts of brine compared to other technologies 

[78]. Reverse osmosis plants do require feed water preconditioning and are reasonably sensitive 

to inlet conditions of the feed stream but can still be operated at various total capacities as 

needed [80]. RO plants mostly require outside electricity for their processes and are a 

straightforward interconnection into IES. Should integration with LWRs be desired for thermal 

distillation desalination, nuclear heat is capable of fulfilling feedstock preheating requirements of 

around 120°C [81].   

2.4.7 Liquid Air Energy Systems 

Liquid air energy storage (LAES) is an energy storage technology using the Claude 

process to liquefy air, store this air in tanks, and then use heat to expand the air through turbines 

to produce power on demand. Presently, there is a “grid-level” (5 MW/15 MWh) LAES plant 

commissioned by Highview Power that began operation in April 2018 in England [82]. 

Highview Power publishes that their systems can produce from 10-200 MW, and store 40-2000 

MWh. Their designs using waste heat claim 70% round trip efficiency for AC to AC power. 

Because the power production is based on gas expansion through the Brayton cycle, increased 

heat input should result in higher efficiencies. While Highview Power’s designs include cold 

storage for continued use in the plant, if a source of waste cold is available, their efficiencies can 

increase to 100% AC to AC power due to a reduction in refrigeration needs during the 

liquefaction process [82].  

2.5 Economic Background of IES 

Chen et al. used models to analytically and numerically obtain optimal IES operations 

schedules [83] [84]. They investigated two NHES designated NHES_Texas and NHES_Arizona. 

They found that adding an optimization scheme for the operations schedules in both 

configurations increased revenue. 
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The NHES_Texas configuration involved a 180 MWe SMR that generated steam to be 

diverted either to a standard turbine-generator system or as process steam into a gasoline 

production plant (GPP). The maximum input into the GPP by the SMR was 45 MWe. The GPP 

was assumed to run constantly, so a carbon fuel source was used to supplement any thermal 

input not provided by the SMR. Later IES research has concluded that a TES system could also 

provide thermal energy to a secondary energy user as needed, allowing the SMR to operate at 

constant power and eliminating the need for a supplementary energy source [69]. A wind power 

farm with a maximum output of 45 MWe was included with an electrical storage element that 

helped smooth out the variable wind input. The power grid demand was scaled such that the 

demand peaked at 180 MWe [83]. 

NHES_Arizona also used a 180 MWe SMR. In this configuration, the SMR only 

produced electricity. The optimization in this system is based around the electricity generation 

provided to a reverse osmosis desalination plant operating at an electrical input between 15-45 

MWe. A photovoltaic solar station operating at 30 MWe capacity with electrical storage 

contributed to the net electrical output on the grid. The electrical demand was again scaled such 

that demand peaked at 180 MWe. 

Operations strategies were optimized in order to maximize revenues. The deterministic 

measure of the value of a project given revenue streams was standard: a net present value (NPV) 

calculated in Equation 3 as the sum of revenue streams discounted by a given interest rate: 

𝑁𝑃𝑉 = ∑
𝐹𝐶𝐹𝐹𝑘

(1 + 𝑟𝑅)𝑘

𝑁

𝑘=0

(3) 

FCFF is the real discounted free cash flow in a given year k, and is the post-tax revenue 

after subtracting capital costs, and 𝑟𝑅 is the discounting growth rate of money over the 

timeframe. A linear program was used to maximize the present cash flow value given various 

economic parameters including the current price of electricity, the current secondary product 

price, and the various costs of producing each item. Analysis showed that IES optimization 

methods have significant impact on their profitability [83] [84].  

Typically, if NPV is greater than zero, it is an indicator that a project may be worth 

executing at the given interest rate 𝑟𝑅 (typically the growth rate of money investment). Another 

financial value is the internal rate of return (IRR), the value 𝑟𝑅 that makes Equation 3 equal 0. 
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The IRR can be compared to the interest rate of not investing the money, and only if the IRR is 

higher than the other rate is a project considered worthwhile.  

In another case study, the Arizona Public Service investigated the addition of baseload 

nuclear energy to help offset an increase in penetration of variable renewable energy on the 

Arizona electrical grid. The investigation included the consideration of adding brackish 

groundwater purification through the addition of RO plants [85]. This analysis is separate from 

the NHES_Arizona analysis previously investigated. The overall results indicated that using 

nuclear power to flexibly produce electricity and water could have a positive economic outcome 

depending on the overall price of water and the location of RO plant placement [85].     

Another case study investigated the addition of Hydrogen production retrofitted onto 

existing LWRs via HTSE [86]. The results of this study indicated that using nuclear energy to 

produce Hydrogen would be economically beneficial. The change in NPV was greater than zero 

in all Hydrogen production cases in which the production rate did not outpace the overall market 

[86]. The study also showed that increasing Hydrogen storage capacity would increase the 

economics of the system [86]. The assumptions listed in the paper indicated that the overall 

revenue of the study likely underestimated an actual implementation of the system.   

These two case studies continue to build a library of knowledge and potential IES 

deployment options that show a positive economic outcome. Further research, including this 

work, should continue to demonstrate additional IES configurations that are economically 

beneficial, leading to a strong case for building them beyond just the replacement of GHG 

emitting power plants.  
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CHAPTER 3 – METHODOLOGY AND MODEL DEVELOPMENT 

3.1 Resources 

Multiple codes and coding languages can be used to model IES. Building on existing 

work can expedite complete model development for this research. 

3.1.1 IPWR and Sensible Heat Storage Simulator 

Work so far has involved an IPWR simulator developed by Doster [55]. The SMR 

simulator at NCSU provides an expertly designed baseline model that can be used for 

comparison for validation in other models. TES simulations have been built around this 

FORTRAN simulator and a two-tank thermal energy storage models at NCSU and INL created 

by Frick [28]. This work has included the theoretical analysis surrounding code stability and 

ensuring that models are inherently stable to create a base solvability in simulation development. 

Together, the IPWR simulator and two-tank TES FORTRAN models have already been used to 

demonstrate the ability to safely control IPWR steam bypass for TES charging, use a two-tank 

TES for secondary user steam supply or for turbine power peaking, and mitigate feedwater 

changes associated with TES operation [21] [28] [55]. 

3.1.2 Modelica Coding Language 

Present research has also included experience with the Modelica coding language, which 

is available via NCSU and INL resources. The acausal language maintains key advantages in 

modularity and object-oriented coding that can allow for faster model development leading to the 

opportunity for more individual simulations. It has been designed for modeling engineering 

problems across multiple disciplines. “Connectors” link various component models and 

appropriately balance mass, momentum, and energy transfers. These connections can be used 

across model components in various disciplines. The acausal equation writing during the 

development stage allows for the modeler to describe physical components in typical equation 

fashion rather than having a directional solution, as is the case in many other languages. Object 

hierarchies aid in general model development, by having a complicated model build or extend on 

a simpler one, as well as help a developer maintain appropriate linkages throughout the system 

via working mediums and consistent connector methods. 

The TRANsient Simulation Framework of Reconfigurable Models (TRANSFORM) is a 

Modelica library for modeling thermal hydraulic energy systems and other multi-physics systems 
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developed and maintained at Oak Ridge National Laboratory. Some models developed in this 

research have been submitted to TRANSFORM and are open-source [87]. The TRANSFORM 

library contains nuclear, mechanical, fluid, control, and energy transfer models that can be useful 

for planned research either by direct use or as modifiable templates. TRANSFORM has been 

developed using a proprietary compiler Dymola, which has been accessed via NCSU and INL 

resources. Some models built in this research will be contributed to TRANSFORM. The Nuclear 

Hybrid Energy Systems library contains additional IES relevant models, and will also be 

contributed to by this research [56]. The Hybrid Energy Systems library contains IES subsystem 

models such as nuclear reactor models, industrial process models, energy storage models, and 

supervisory control models.   

3.1.3 RAVEN 

RAVEN is a multi-purpose uncertainty quantification, regression analysis, probabilistic 

risk assessment, data analysis, and model optimization framework developed at INL [90]. 

RAVEN samples an input space and perturbs parameters of an outside model, mining the output 

data using statistical methods. Using RAVEN with an IES model can help optimize component 

sizes using input criteria. Further, due to the uncertain nature of electricity prices and intermittent 

energy impacts on the electrical grid, the internal RAVEN sampling methods will allow for a 

verified program to appropriately randomize the IES simulation environment to properly analyze 

implemented control algorithms. RAVEN is developed and supported at INL [90]. Ongoing 

efforts are being taken to ensure that Dymola and RAVEN are fully integrated in ways that allow 

RAVEN to handle the input and output of Dymola models.  

3.2 Key Developed Models 

Fully developed models for the purposes of this research include a Number of Transfer 

Units Method-based Heat Exchanger (NTUHX) model, row-by-row stator and rotor turbine stage 

models, a moisture separator, and a concrete thermal energy storage system. The full nuclear 

integrated energy system contains three primary subsystems: the nuclear heat supply (primary 

side, nuclear reactor core), the energy conversion system (secondary side, turbine-generator 

system), and the concrete thermal energy storage system. This research focused on the 

development of detailed models for the energy conversion system and the concrete thermal 

energy storage system. Nuclear heat supply models are from the TRANSFORM and Nuclear 

Hybrid Energy System Modelica repositories.  
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3.2.1 Number of Transfer Units Heat Exchanger Model 

The NTU Heat Exchanger model is used to dynamically simulate feedwater heaters on 

the secondary side. The NTU method is well suited for design work and preliminary analysis due 

to the method’s lack of specific geometry requirements and its parameter flexibility. The NTU 

method is a well understood and widely used heat exchanger analysis method. It effectively 

measures the fraction of heat transferred across a theoretically sized (NTU) heat exchanger as 

compared to an ideal heat exchanger. For a parallel flow heat exchanger the final heat exchange 

can be represented as:  

𝑄 =
(1 − 𝑒−𝑁𝑇𝑈(1+𝐶𝑅))

1 + 𝐶𝑅
𝑄𝑖𝑑𝑒𝑎𝑙 (4) 

The value CR is a heat capacity ratio that is equal to the ratio of the lesser theoretical 

maximum heat transfer to the higher maximum heat transfer. In the case of any phase change 

that is occurring, CR becomes 0 and the expression simplifies to for all heat exchanger 

geometries:  

𝑄 = (1 − 𝑒−𝑁𝑇𝑈)𝑄𝑖𝑑𝑒𝑎𝑙 (5) 

From Equations 4 and 5, it is clear that the NTU value becomes a key design parameter, 

and while it can be a useful value to inform a geometric design, its use allows for an absence of 

specific geometry information such as tube length, diameter, shape design, etc. while still 

providing key information about heat transfer. Equation 5 does require the user to be able to 

calculate the ideal heat transfer rate across the heat exchanger. Using the inlet conditions for the 

tube and shell sides, we can calculate the maximum heat 𝑄𝑚𝑎𝑥,𝑚 for either the tube or shell side 

based on inlet temperatures 𝑇𝑚,𝑖𝑛𝑙𝑒𝑡, mass flow rate �̇�𝑖, and heat capacity 𝐶𝑝:  

𝑄𝑚𝑎𝑥,𝑖 𝑡𝑜 𝑗 = �̇�𝑖 ∙ ∫ 𝐶𝑝(𝑇)𝑑𝑇
𝑇𝑗,𝑖𝑛𝑙𝑒𝑡

𝑇𝑖,𝑖𝑛𝑙𝑒𝑡

(6) 

Equation 6 assumes that there is no phase change on side i, as the heat integral is no 

longer valid should there be a phase change. In the expectation of phase change, and with fully 

developed fluid property libraries, it becomes more conducive to calculate the maximum heat 

transfer in the following way using inlet enthalpies ℎ𝑚,𝑖𝑛𝑙𝑒𝑡:  

𝑄𝑚𝑎𝑥,𝑖 𝑡𝑜 𝑗 = �̇�𝑖 ∙ (ℎ𝑖,𝑖𝑛𝑙𝑒𝑡 − ℎ(𝑝𝑖,𝑇𝑗,𝑖𝑛𝑙𝑒𝑡)) (7) 

Some algorithm checks should be introduced to ensure that heat is always being 

transferred from higher temperature to lower temperature. With appropriate checks and 
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operational conditions, Equation 7 allows for the computation of the maximum heat transfer 

across the heat exchanger (as one side’s inlet conditions represent the most extreme temperature 

that could be approached by the opposite side’s outlet conditions).  

𝑄𝑖𝑑𝑒𝑎𝑙 =
𝑚𝑖𝑛
𝑖, 𝑗

𝑎𝑏𝑠(𝑄𝑚𝑎𝑥,𝑖 𝑡𝑜 𝑛𝑜𝑡 𝑖 ) (8) 

Figure 4 and Figure 5 show the graphical representations of the NTU heat exchanger at 

both the build level and connective top level:  

 

Figure 4. Modelica build level NTU HX diagram 

 

 

Figure 5. Modelica top level use NTU HX diagram 

The assumed structure is such that the shell side is a saturated liquid or single phase 

vapor continuing to be condensed as the tube side heats up. To make conservative assumptions, 

the pressure drops are located on opposite sides of the internal structure. While the “_dp” nodes 

calculate the pressure drop (applying a conservation of momentum equation, listed in Equation 9 

where K is a nominal loss coefficient divided by two times the flow area), the “Tube” and 

“Shell” nodes in Figure 4 conserve mass and energy as single node control volumes, listed in 

Equations 10 and 11. Equations 9-11 are the NTU HX momentum, mass, and energy 
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conservation equations. These equations are applied to both the shell side and tube side volumes 

(subscripted V). The heat value Q in the energy Equation 11 is the result of Equation 8.  

∆𝑃 =
𝐾�̇�𝑉

2

𝜌
(9) 

𝑑𝑚𝑉

𝑑𝑡
= �̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 (10) 

𝑑(𝑚𝑉 ∙ 𝑢)

𝑑𝑡
= �̇�𝑖𝑛ℎ𝑖𝑛 − �̇�𝑜𝑢𝑡ℎ𝑜𝑢𝑡 + 𝑄 (11) 

The shell pressure drop, seen in Figure 4, occurs before the energy transfer so that the 

saturation temperature is lowered and thus the maximum ideal energy transfer is subsequently 

reduced. The tube side pressure drop seen in Figure 4 is calculated after the energy transfer such 

that the tube side saturation temperature is higher and thus reduces the maximum capable heat 

transfer across the heat exchanger.  

3.2.2 Moisture Separator 

Moisture separators are necessary safety components in turbines to ensure that the “wet” 

content of the steam is kept at safe levels (typically below 12% at the final exhaust). Moisture 

separators function using baffles to collect and remove liquid water from a mixed water-steam 

flow. Moisture separators are generally assumed to function adiabatically, which informs the 

equation set used to evaluate the fluid conditions downstream of the moisture separators. If a 

moisture separator with volume V is considered, then the following mass and energy 

conservation Equations 12 and 13 hold:  

𝜕𝑚

𝜕𝑡
= 𝑉

𝜕𝜌

𝜕𝑡
= �̇�𝑠𝑡𝑒𝑎𝑚,𝑖𝑛 + �̇�𝑙𝑖𝑞,𝑜𝑢𝑡 + �̇�𝑠𝑡𝑒𝑎𝑚,𝑜𝑢𝑡 = 0 (12) 

𝜕(𝑚ℎ)

𝜕𝑡
= 𝑉

𝜕𝜌ℎ

𝜕𝑡
= �̇�𝑠𝑡𝑒𝑎𝑚,𝑖𝑛ℎ𝑠𝑡𝑒𝑎𝑚,𝑖𝑛 + �̇�𝑙𝑖𝑞,𝑜𝑢𝑡ℎ𝑙𝑖𝑞,𝑜𝑢𝑡 + �̇�𝑠𝑡𝑒𝑎𝑚,𝑜𝑢𝑡ℎ𝑠𝑡𝑒𝑎𝑚,𝑜𝑢𝑡 = 0 (13) 

While these equations must apply, additional information is required to calculate the 

relative liquid and steam distributions. Therefore, an efficiency value ε can be defined as a 

parameter (or with a curve) such that at any time, Equation 14 applies:  

𝜖 ≡
�̇�𝑙𝑖𝑞

�̇�𝑠𝑡𝑒𝑎𝑚,𝑖𝑛(1 − 𝑥)
(14) 
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Applying Equations 14 and 15, the assumption that the liquid removed is saturated, the 

exit steam mass flow rate and enthalpy can be calculated by solving the algebraic system in 

Equations 15-21:  

0 = �̇�𝑠𝑡𝑒𝑎𝑚,𝑖𝑛 − (1 − 𝑥)휀 ∙ �̇�𝑠𝑡𝑒𝑎𝑚,𝑖𝑛 + �̇�𝑠𝑡𝑒𝑎𝑚,𝑜𝑢𝑡 (15) 

−(1 − (1 − 𝑥)휀) ∙ �̇�𝑠𝑡𝑒𝑎𝑚,𝑖𝑛 = �̇�𝑠𝑡𝑒𝑎𝑚,𝑜𝑢𝑡 (16) 

ℎ𝑠𝑡𝑒𝑎𝑚,𝑖𝑛 = ℎ𝑓 + 𝑥(ℎ𝑔 − ℎ𝑓) (17) 

ℎ𝑙𝑖𝑞,𝑜𝑢𝑡 = ℎ𝑓 (18) 

0 = �̇�𝑠𝑡𝑒𝑎𝑚,𝑖𝑛(ℎ𝑓 + 𝑥ℎ𝑓𝑔) − (1 − 𝑥)휀�̇�𝑠𝑡𝑒𝑎𝑚,𝑖𝑛ℎ𝑓 − (1 − (1 − 𝑥)휀)�̇�𝑠𝑡𝑒𝑎𝑚,𝑖𝑛ℎ𝑠𝑡𝑒𝑎𝑚,𝑜𝑢𝑡     (19) 

(1 − (1 − 𝑥)휀)ℎ𝑠𝑡𝑒𝑎𝑚,𝑜𝑢𝑡 = (ℎ𝑓 + 𝑥(ℎ𝑔 − ℎ𝑓)) − (1 − 𝑥)휀 ∙ ℎ𝑓 (20) 

ℎ𝑠𝑡𝑒𝑎𝑚,𝑜𝑢𝑡 =
(ℎ𝑓 + 𝑥(ℎ𝑔 − ℎ𝑓)) − (1 − 𝑥)휀 ∙ ℎ𝑓

 (1 − (1 − 𝑥)휀)
(21) 

Using the above formulation, moisture separators can serve two purposes in the fluid 

network. The first is a standard turbine function of ensuring that liquid droplets are removed 

between turbine stages for the safety of the downstream turbine blades. The second purpose is an 

integration point and effectively a filter for a peaking turbine in an integrated energy 

deployment. By using the moisture separators already in a turbine-generator system, inserting the 

TES peaking steam into the piping system upstream of a moisture separator allows the code to 

accurately reflect a real mixing and filtering physical system. If the standard fluid stream were 

mixed with this peaking steam and immediately inserted into an energy removing stage, any 

simulation data would be less accurate due to the simulation mixing the fluids while in reality 

there is not a complete internal balance. Figure 6 below shows the build level moisture separator, 

and Figure 7 shows an integration of the moisture separator with the discharge peak steam 

joining the outlet of a turbine stage via a t-junction component.  

 

Figure 6. Build level cylindrical port moisture separator 
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Figure 7. Demonstration of a moisture separator downstream of a t-junction combining TES 

discharge steam with the main turbine steam flow 

3.2.3 Turbine Models 

The turbine model is a key result of this research, as it presents a more detailed dynamic 

evaluation of a turbine as a stage-by-stage machine than that of publicly available bulk isentropic 

efficiency based or Stodola cone law based turbines. A physics based approach using cylindrical 

coordinates was developed to analyze fluid flow characteristics moving downstream through 

turbine stages. Translational (along the axis of the turbine), rotational (about the axis of the 

turbine) and radial (perpendicular to the axis of the turbine) velocities are calculated in each 

turbine stage. By balancing the forces in each of these directions, the expansion work of the fluid 

as it passes from stage to stage can be captured accurately as the torque applied to the turbine 

while the pressure change appears in the change of translational energy as well. By analyzing 

stage-by-stage mechanics of a turbine, turbine tap pressures and flow rates as well as moisture 

separator conditions are dynamically calculated to give appropriately changing conditions 

throughout the energy conversion system of an integrated energy system.   

The turbine models are described in Equations 22-35. The models are based in the 

physics laws describing the fluid flow in a control volume that is assumed to be of fixed size, but 

potentially rotating. Intrinsic properties then must flow from upstream to downstream. That 

means that if flow reversal is allowed, then the following values are true for quantity 𝑎𝑗
±:  

𝑎𝑗
± =

𝑎𝑗      𝑖𝑓 𝑣𝑗+1/2 > 0

𝑎𝑗+1 𝑖𝑓 𝑣𝑗+1/2 < 0
(22) 
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Mass equation:  

𝜕𝑚𝑗

𝜕𝑡
− �̇�𝑗−1/2 + �̇�𝑗+1/2 = 0 (23) 

Modelica uses a completely implicit method where all values except for derivative terms 

are evaluated at the new time step. Note that the velocities are written with their direction as a 

superscript.  

Energy equation: 

𝑚𝑗

𝜕𝑢𝑗

𝜕𝑡
+ ℎ𝑗

±�̇�𝑗+1/2 + ℎ𝑡𝑎𝑝
± �̇�𝑡𝑎𝑝 − ℎ𝑗−1

± �̇�𝑗−1/2 = −𝑃𝑗𝑉𝑗

𝑣𝑗+1/2
𝑧 − 𝑣𝑗−1/2

𝑧

∆𝑧𝑗
+ 𝑄𝑗 (24) 

Translational velocity:  

𝑚𝑗

𝜕𝑣𝑗+1/2
𝑧

𝜕𝑡
+

�̇�𝑗+1/2|𝑣𝑗+1/2
𝑧 | − �̇�𝑗−1/2|𝑣𝑗−1/2

𝑧 |

∆𝑧𝑗
+ 𝑃𝑗+1𝐴𝑗+1/2 − 𝑃𝑗𝐴𝑗−1/2 + 𝑚𝑗𝑔

∆ℎ

∆𝑧

=  
𝐹𝑗+1/2

𝑧

𝑉𝑗
    (25) 

Rotational and angular velocities: 

𝑚𝑗

𝜕𝑣𝑗
𝑟

𝜕𝑡
+ 𝑣𝑗

𝑟±�̇�𝑗+1/2 − 𝑣𝑗−1
𝑟± �̇�𝑗−1/2 = 𝐹𝑗

𝑟 (26) 

𝑚𝑗

𝜕𝑣𝑗
𝜃

𝜕𝑡
+ 𝑣𝑗

𝜃±�̇�𝑗+1/2 − 𝑣𝑗−1
𝜃± �̇�𝑗−1/2 = 𝐹𝑗

𝜃 (27) 

Density and viscosity use closure relationships as functions of pressure and enthalpy. 

System forces are all calculated during the overall system balance and arise as drivers/results of 

change in angular momentum, radial change due to expansion, and translational forces from 

pressure change and work removal. Some additional equations are:  

𝑄𝑗 = 𝐹𝑗
𝜃𝑣𝑗

𝜃 + 𝐹𝑗
𝑟𝑣𝑗

𝑟 + 𝐹𝑗+1/2
𝑧 𝑣𝑗+1/2

𝑧 + 𝐻𝑒𝑎𝑡 (28) 

𝐹𝑗+1/2
𝑧 = −𝐾𝑗

𝜌𝑗𝑣𝑗+1/2
𝑧 |𝑣𝑗+1/2

𝑧 |

2
+ 𝑆 (29) 

Radii are taken as the center of mass radii assuming a constant density across the volume 

node.   

𝑟𝑗 =
∫ 𝑟𝑚𝑑𝑟

𝑟𝑜𝑢𝑡

𝑟𝑖𝑛

∫ 𝑚𝑑𝑟
𝑟𝑜𝑢𝑡

𝑟𝑖𝑛

=
∫ 𝑟𝜌𝑟2𝜋ℎ𝑑𝑟

𝑟𝑜𝑢𝑡

𝑟𝑖𝑛

∫ 𝜌𝑟2𝜋ℎ𝑑𝑟
𝑟𝑜𝑢𝑡

𝑟𝑖𝑛

= (
3

4
)

𝑟𝑜𝑢𝑡
4 − 𝑟𝑖𝑛

4

𝑟𝑜𝑢𝑡
3 − 𝑟𝑖𝑛

3
(30) 
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The only equation differences between rotor and stator stages is the angular force 

calculation. In the stator stage, this value deflects the fluid, increasing the angular velocity 

(turbine angular speed is negative) while reducing the translational velocity. In the rotor stage, 

the angular velocity and rotational velocities must be related and include the fact that the fluid is 

now flowing through a rotating frame of reference. Ideally, the fluid rotational velocity in a 

turbine rotor stage is: 

𝑣𝜃 = 𝑣𝑧/𝑡𝑎𝑛(𝛼) + 𝜔𝑇𝑢𝑟𝑏 (31) 

Thus, the angular deflection angle and turbine rotation speed are heavily related to the 

fluid speed exiting a stage. Equations 32-34 show the balance of forces and torque in the turbine 

itself. Equation 35 shows the resulting electrical power in the generator from the sum of the rotor 

stages.   

𝐹𝑓𝑙𝑢𝑖𝑑 𝑜𝑛 𝑇𝑢𝑟𝑏 = 𝜌𝐴𝑠𝑢𝑟𝑓(𝑣𝜃𝑖𝑛 − 𝑣𝜃𝑜𝑢𝑡)2 (32) 

𝜏 = 𝑟𝐹𝑓𝑙𝑢𝑖𝑑 𝑜𝑛 𝑇𝑢𝑟𝑏 (33) 

 The balance equation in the turbine should then be:  

𝐼𝑡𝑢𝑟𝑏

𝜕𝜔𝑇𝑢𝑟𝑏

𝜕𝑡
= ∑ 𝜏 − 𝜏𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 (34) 

𝑃𝑒 = 𝜏𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟𝜔𝑔𝑒𝑛 (35) 

Figure 8 shows an eight stage turbine model based on the NuScale certification design 

(see Figure 3). Arrows are included to indicate different features implemented in the turbine 

design. The gray implemented model at the top is the physical portion of the turbine. As an 

object it knows its angular speed and moment of inertia. The mixed torque and speed 

connections to the generator and the rotor stages informs the balance. The combination of 

models applies Equation 35 to the system.  
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Stator stages are indicated on the above figure using green arrows, and rotor stages using 

red arrows. Turbine taps are indicated with blue arrows and moisture separators with black 

arrows. Moisture separators work in a nearly tangential manner when compared to turbine taps. 

The moisture separators use inlet conditions and calculate outlet flow rates and then balance the 

heat accordingly. The turbine tap has no loss of energy and equates the pressure at each of the 

three ports. Turbine taps are thus effectively pressure and energy boundaries that are used as 

feedwater shell side sources. Table 7 in Section 4.3 on page 60 compares steady-state results 

from the secondary side model using this turbine development and reference NuScale values.  

3.2.4 Concrete TES Model 

Justification for selecting concrete solid media storage as the TES technology for this 

research is described in Section 4.1.2 and Section 5.1.2. The concrete TES model developed for 

this IES is a custom-built model designed for all flow conditions and daily operational modes. 

The model is based on an analysis of a single concrete structure built around a pipe with heat 

transfer fluid flow. The full system is then scaled by multiplying the analyzed pipe, treating each 

pipe as identical. The individual structure description is broken up into two components: the 

fluid model within the pipes and the solid model of the concrete. Figure 9 shows the physical 

system represented by this model. The blue portion is the pipe model encased within concrete.  

 

Figure 8. An 8 stage (green arrows indicating stator and red indicating rotor stages) turbine 

model with generator, moisture separators (black arrows), and taps (blue arrows), annotated 

clarity. 
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Figure 9. Image construction of individual concrete model, with pipe (blue) model encased in 

solid concrete (gray) model  

3.2.4.1 Fluid Model 

The model interacts with other fluid components via four fluid ports: discharge inlet, 

discharge outlet, charge inlet, and charge outlet. A heat transfer fluid library package containing 

the equations of state is applied to each of the four ports and to the fluid within the 1-D area-

averaged pipe model. 

Low flow and no flow conditions can be highly cumbersome to implicit non-linear 

solvers due mostly to the momentum equation. The fluid model used within the TES in this 

research is simplified from a fully-developed flow model in order to avoid the computational 

restrictions at low flow and no flow by imposing an incompressible flow assumption resulting in 

a spatially equal pressure and spatially equal mass flow within the fluid pipes of the concrete 

structure. This assumption replaces the conservation of mass and the conservation of momentum 

equations, leaving the system to be described by the conservation of energy. As stated 

previously, the concrete model has 4 fluid connection points that can be used to establish the 

internal flow: 2 charging-side and discharging-side.  

The pressure is taken to be the pressure at the cold end of the TES model, also known as 

the discharging inlet or the charging outlet. The pressure is taken there to enforce the most 

conservative assumption during either operational mode. During charging, the outlet pressure is 

used to apply conservatism in storage effectiveness as a lower pressure would correspond to a 

lower saturation temperature and thus lower energy transfer into the concrete. Oppositely, the 
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discharging inlet would have a higher pressure leading to a higher saturation temperature and 

similarly lower the energy transfer out of the concrete. After enforcing the constant pressure and 

mass flow rate in each of the internal nodes, the conservation of energy equation within the fluid 

is described in Equations 36 and 37.   

𝑉𝑗𝜌𝑗

𝑑ℎ𝑗

𝑑𝑡
+ 𝑚𝑓𝑙𝑜𝑤(ℎ𝑗+1/2 − ℎ𝑗−1/2) = 𝑄𝑗 (36) 

Node boundary values are set by Equation 22. The edge boundaries are set by either the 

end node or by the connected fluid port.  

𝑄𝑗 = 𝑈𝐴𝑗(𝑇𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒𝑆𝑢𝑟𝑓,𝑗 − 𝑇𝑓𝑙𝑢𝑖𝑑,𝑗) =
𝜋𝑑𝑖∆𝑧

1
ℎ𝑐,𝑗

⁄ +
𝑑𝑖𝑙𝑛(𝑑𝑜/𝑑𝑖)

2𝑘𝑡𝑢𝑏𝑒
⁄

(𝑇𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒𝑆𝑢𝑟𝑓,𝑗 − 𝑇𝑓𝑙𝑢𝑖𝑑,𝑗)(37)
 

The simplified nature of the model lends itself to faster simulation times, as the most 

computationally expensive component is the liquid heat transfer coefficient ℎ𝑐,𝑗. The heat 

transfer coefficient must be calculated in 5 regions: laminar and turbulent single-phase liquid and 

vapor, and turbulent two-phase conditions. The Dittus-Boelter equation is used during single-

phase turbulent conditions, while only a constant multiplied by the thermal conductivity of water 

is necessary during laminar conditions. During condensation, Nusselt’s condensation correlation 

is used. Due to the low pressure of the application modeled, the Kandlikar correlation is used 

during boiling [88] [89]. The Kandlikar correlation calculates a nucleate boiling term and a 

forced convection boiling term and considers the overall boiling heat transfer value as the sum of 

the two terms [88]. It is also used due to its computational efficiency relative to other boiling 

correlations such as the Chen correlation [89]. The heat transfer coefficient transition between 

laminar and turbulent flows is taken as a linear combination when the Reynolds number is 

between 2300 and 5000. During turbulent flow, imposing discontinuity depends on whether the 

fluid is being heated or cooled. The Kandlikar correlation calculates a two-phase multiplier and 

uses hyperbolic tangent functions to smooth between x=[0.0,0.02] and x=[0.9,1.0]. During 

condensation, hyperbolic tangent functions smooth between x=[0.0, 0.15] and x=[0.85,1.0].    

3.2.4.1 Concrete Model 

 The solid concrete storage media is based on publicly available HEATCRETE® data. 

Three material equations are necessary in Dymola to describe a solid: density, thermal 

conductivity, and specific heat capacity listed in Equations 38-40 [35].  
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𝜌(𝑇) = 2318.5
𝑘𝑔

𝑚3
− 0.0957522

𝑘𝑔

𝑚3 ∙ 𝐾
∙ 𝑇 (38) 

𝜆(𝑇) = 1.81428
𝑊

𝑚 ∙ 𝐾
+ 3.58237 ∙ 10−3

𝑊

𝑚 ∙ 𝐾2
∙ 𝑇 − 5.19975 ∙ 10−6

𝑊

𝑚 ∙ 𝐾3
∙ 𝑇2 (39) 

𝐶𝑝(𝑇) = 830.69
𝐽

𝑘𝑔 ∙ 𝐾
+ 1.8544

𝐽

𝑘𝑔 ∙ 𝐾2
∙ 𝑇 (40) 

 

Conduction within the concrete is modeled with Equation 41 at all nodes between 2 and 

I-1, and Equation 42 at nodes 1 and I where I is the number of radial nodes. The boundary heat 

term is either equal to the heat transfer in or out of the fluid, or set to be adiabatic at the 

maximum radial location. The conduction within the concrete is taken with steps of ∆𝑟.  

𝑉𝑖𝜌𝑖𝐶𝑝𝑖

𝜕𝑇𝑖

𝜕𝑡
−

𝑘𝑖+1 2⁄ 𝐴𝑖+1 2⁄

∆𝑟𝑖,𝑖+1

(𝑇𝑖+1 − 𝑇𝑖) +
𝑘𝑖−1 2⁄ 𝐴𝑖−1 2⁄

∆𝑟𝑖,𝑖−1

(𝑇𝑖 − 𝑇𝑖−1) = 0 (41)  

𝑉𝑖𝜌𝑖𝐶𝑝𝑖

𝜕𝑇𝑖

𝜕𝑡
+

𝑘𝑖𝐴𝑖,𝑖−1

∆𝑟𝑖,𝑖−1

(𝑇𝑖 − 𝑇𝑖−1) − 𝑄𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 = 0 (42) 

𝑄𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 is either equal to (−)𝑄𝑗 at the concrete-pipe interface or 0 at the maximum 

radial position for an adiabatic boundary condition used in this analysis. The adiabatic boundary 

condition is used because the individual model is used in a network of the ideal piping segments 

to make the full thermal battery.  

Thermal conduction is restricted to one-dimension radially between the heat transfer pipe 

and an adiabatic boundary condition. Two-dimensional thermal conduction would be expected, 

but given the large spacing in the axial direction along the pipe, the low value of thermal 

conductivity, and the relatively short storage times, a reduction in accuracy is not expected from 

this assumption.  

In summary, the concrete TES contains a fluid flow model within a pipe that can use 

closure relations of any fully developed Modelica fluid package and transfers heat in and out of a 

solid media whose properties are based on HEATCRETE® data. The model uses a Nusselt 

correlation to condense the HTF, and the Kandlikar correlation to boil. Results from model 

testing can be seen in Figure 22 and Figure 23 in Section 4.3. 

3.2.5 IES Control 

IES control strategies are specific to the system configuration and technologies within 

that configuration. The control strategy discussed in this section is specific to the power-peaking 
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only TES application illustrated in Figure 10. Comments regarding the applicability of specific 

operating modes should be taken as configuration specific.   

Controlling the IES in a basic storage-only configuration is based solely on the control of 

the storage. Figure 10 shows a block diagram of the IES configuration evaluated in this study. 

Time selection of when to charge and discharge must be based then on one of two superseding 

criteria: 1) a net outside demand applied onto the system or 2) an economic driver that allows the 

electrical demand to fluctuate freely within the power range of charging and discharging modes. 

Mechanical safety-related controls and operational mode controls are discussed in this section, 

while mode selection methods are discussed in Section 3.2.3. The thermal energy storage system 

should either be in standby mode, charging mode, or discharging mode. While a TES can 

discharge and charge simultaneously so long as there are separate physical locations for those 

processes to happen, this mode is not considered in the operational design considered in this 

study as there is no reason to operate in this mode in an electricity-only system. (In a combined 

heat and electricity system, one would consider this charging and discharging at once to 

realistically be a thermal bypass to apply reactor heat more directly to the thermal requirement). 

Physical limitations may also arise in some storage technologies that restrict the ability to charge 

and discharge simultaneously due to using the same heat exchange structure during either mode. 

HPT is the high-pressure turbine. LPT is the low-pressure turbine. Cond is the condenser. 

SG is the steam generator. FWHs are the feed water heaters.  

 

Figure 10. Block diagram of IES configuration in this study 

The system default operational mode is standby. In this mode, the TES will eventually 

reach a uniform radial temperature distribution within each axial node. The operational modes of 
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greater interest are the charging and discharging modes which will place greater strain on the 

overall system.   

The control valves in the secondary side model are all linear control valves developed in 

the TRANSFORM library. The key design parameter is the loss coefficient defined in the user-

space by a nominal pressure drop and a nominal mass flow rate. The equation for the valve then 

becomes:  

�̇� = 𝐾 ∙ ∆𝑃 ∙ 𝑂𝑝𝑒𝑛𝑖𝑛𝑔                            𝑤ℎ𝑒𝑟𝑒  𝐾 ≡ (
�̇�

∆𝑃
)

𝑛𝑜𝑚𝑖𝑛𝑎𝑙
(43) 

During charging, steam is directed through a turbine bypass valve (TBV) from a pressure 

equalization header upstream of the turbine control valve. In a once-through steam generator 

system, the TCV maintains the steam generator pressure and the turbine impulse pressure is a 

function of this setpoint and the instantaneous pressure drop across the TCV. In this 

configuration, no more than 50% of the steam flow rate may be bypassed before the TCV loses 

its pressure control capabilities. A second consideration for maintaining steam flow through the 

turbine is ensuring that the turbine always remains loaded.  

To determine the TBV opening position during charging, turbine power, turbine demand, 

reactor power, and nominal reactor power are used. The TBV model applies the characteristic 

equation seen above in Equation 44. The control method is a 3-element controller. The net error 

combines a PI signal measuring the error between the electrical power and electrical demand 

with an integral reactor power error shim. The PI controller uses a relatively long integrating 

time constant to smooth oscillations during transient conditions.   

The FCV is 3-element controlled. Two PI error signals combine to calculate the FCV 

value: the reactor power error and the set feed flow error. As the system is intended to operate 

flexibly on the secondary side while maintaining constant reactor power, the FCV responds to 

the reactor power while also maintaining the mass flow rate at nominal conditions.  

During discharge, water is sourced from the condenser and raised to the appropriate 

discharge pressure prior to entering the TES. This water then boils and is directed to the re-entry 

point in the turbines just upstream of a moisture separator. By inserting this steam just upstream 

of a moisture separator, any accidental or resultant moisture content from the main steam flow 

and the discharge steam flow can be removed using equipment already in the turbine design. To 

add to the safety of the system, a shut-down signal is placed along the discharge line in the form 
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of a superheat sensor. Note that in other configurations such as ancillary heat applications, heat 

production requirements may differ and thus the control methods could change. In computer 

simulations we can measure any available medium variable directly, but to create a system as 

close to life-like as possible, a combination of pressure and temperature sensors measure the 

discharge pressure, use a function to calculate the saturation temperature, and then the actual 

flow temperature is compared to this value. The TES discharge control valve (T-DCV) is a linear 

control valve located downstream of the TES will close as the temperature of the discharge 

steam approaches the saturation temperature. Thus, the TES should not introduce additional 

moisture into the turbine, not subtracting from the safety of the turbine components. Discharge 

mode thus has 2 valves: the condenser discharge control valve (C-DCV) which has an open or 

close signal from the driver logic, and the T-DCV which opens prior to the C-DCV using an 

anticipatory signal and will close using the discharge superheat logic. Similar to the TBV, the 

DCV uses the power and demand to inform the error of the Proportional Integral (PI) controller.  

Both the TBV and DCV PI controllers have reset functions that restore the integral state 

to 0 between charging and discharging time instances. It is important to restart the integral 

calculation so that the non-operational time states do not incidentally dominate the operational 

states.   

3.2.6 IES Component Size Selection 

A sensitivity analysis investigating the impact of various design parameters on key output 

values allows for an increased understanding of ideal design methods. By perturbing some 

design parameters in the feedwater train and in the TES, some optimal information can be 

determined. The two output values investigated in this study are the feedwater temperature 

entering the steam generator and the round-trip efficiency of the evaluated system. The altered 

input values are the NTU values of each of the feedwater heaters, and the length, width, and 

depth of the concrete TES and its number of pipes through the solid structure. The sensitivity 

analysis should provide information about how to design these systems to work optimally for the 

primary configuration. Additionally, the results of the sensitivity analysis in Section 4.4 should 

be able to inform a test of the economic algorithm presented in Section 4.2 those results are in 

Section 4.5. 
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CHAPTER 4 - RESULTS 

4.1 PIRT and FOM Study on TES Options 

The Joint Use Modular Plant program has provided an impetus to begin industry-wide 

conversations on integrated energy systems. Work is needed to establish guidelines that assist 

engineers in planning future IES. Using the JUMP program, a phenomenon identification and 

ranking table (PIRT) has been produced that analyzes many high-level engineering questions 

when initially designing an IES that includes TES. The goal of the PIRT is to guide designers in 

setting up figure of merit (FOM) studies for specific applications. A PIRT has been developed 

and a FOM study for the JUMP program are presented in this section [36] [37].  

4.1.1 Phenomenon Identification and Ranking Table   

To select a single thermal energy storage technology for a specific deployment, it is 

important to make sure that all parameters are considered. While these may not be 

“phenomenon” in the traditional sense of the word, the phenomenon identification and ranking 

table method can be used to evaluate the various characteristics of storage technologies and their 

deployment. Each aspect of storage selection is presented as one of the engineering design 

questions and evaluated with categorizations of every (E), frequent (F), and rarely (R), indicating 

how often a specific application will need to include that question in its figure of merit study. 

The importance of the various contributors are then left up to those FOM studies.   

1) Is the storage technology deployable in an appropriate timeframe? A technology must 

exist to deploy in the near-term, but for a longer-term project, for instance the fusion power 

experiment being built in France, a storage technology may not need to be fully viable yet to be 

the expected preferred choice. It is expected that every project will need to evaluate storage 

options based on their current and likely TRL level at the time of deployment. Therefore, a value 

of E is assigned for the PIRT on this criterion.    

2) How compatible is the storage technology with the heat source? Current light water 

nuclear reactors produce steam at pressures of 3.5-7 MPa (500–1000 psia) and temperatures 

approaching 315°C (600°F), with possible steam superheat of about 55°C (100°F). An ideal 

energy storage mechanism will be able to utilize this heat as directly as possible. It is important 

to keep in mind that the storage medium, containment, and heat exchange components must all 

be re-evaluated for each technology to ensure compatibility. As more storage deployments are 

made, theoretical matching will be replaced with libraries of experiential knowledge for storage 
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technologies. Every project will need to ensure that their storage technology can effectively 

charge with the heat source, so a PIRT of E is assigned for this criterion.  

3) Can the storage technology effectively store heat for the future application? This 

question can be broken down into two sub-questions for a given application. First, can the 

storage technology effectively store heat over the given time period needed by the application? 

And second, is there a good discharge mechanism to move the energy into the specific 

application? A storage technology may be able to maintain a large amount of energy without 

major losses for a great deal of time, but have no efficient manner of applying the stored energy. 

Likewise, a storage technology may be able to effectively apply energy in short time periods but 

will incur losses during longer storage. The storage timeframe in the application and the 

economics associated with the storage efficiencies will drive the importance of these criteria to 

each application. While question 2) dealt with the compatibility of the storage with the energy 

source, this question ensures that the compatibility with the energy application is addressed. 

Once again, it is expected that all applications will need to address this question, and so a PIRT 

of E is assigned.  

4) Can the storage technology allow for increased market participation and operational 

flexibility? Increased ancillary services market participation may arise from the introduction of 

energy storage systems by allowing a power producer to create operational reserve capacity. 

Spinning and non-spinning reserves markets are location-specific and will change with every 

new system competing for its remunerations. Operational flexibility in this case is the ability of 

the power producer to alter their production stream in order to change their market participation 

to suit their needs: storing to create capacity credits or to avoid selling at a loss and discharging 

to earn discharged reserve credits and selling for higher profits. This question deals very 

specifically with the engineering application, and may be avoided depending on the system 

setup. For systems looking at providing a buffer for process heat, it may not be practical to 

investigate any increased market participation as the system goal shifts from electricity 

production. Therefore, a value of F is assigned to the PIRT for this category. If the market shifts 

for nuclear heat demand toward using it for more process heat in the future, this value may shift 

to R.   

5) Can the storage technology allow for a sufficient size of storage? While many storage 

technologies may be built in parallel or series in order to increase the overall storage size, there 
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may still be technical limits that exist. For instance, the size of a pumped hydro storage facility is 

generally capped when the physical size and weight of the stored water becomes economically 

infeasible to maintain. Salt storage tanks face similar challenges, and their heights and diameters 

become limited by material considerations in the pumps and storage tanks themselves. Other 

storage technologies, such as concrete, expect to be limited only by the amount of land available 

as they are designed in a very modular fashion. Ensuring that enough storage can be created is 

essential for large applications. A PIRT of E is assigned for this category.  

6) What is the time required to change between operational modes when using this 

storage technology? This can also be called “ramp time.” This question is application dependent, 

and the requirements could change rapidly. Additionally, the question implies that there is a time 

required to change between charging and discharging operational modes, which may not be the 

case depending on the storage technology. In systems where the charging or discharging heat 

transfer fluid flows in different directions depending on the operational state, a change will be 

necessary. This is true for solid storage systems using single HTF flow paths. In other systems, 

charging and discharging may be able to occur simultaneously, such as in two-tank sensible heat 

systems or in steam accumulators. Even in these systems however, the time associated with 

going from not-charging or not-discharging to charging or discharging will likely need to be 

considered. In seasonal storage systems, this will not likely be a significant concern as the power 

of the system will be much smaller than the energy content of the system. A PIRT of F is 

assigned in this category.  

7) How often can the storage technology be used and cycled? Cycle frequency can dictate 

what kinds of storage technologies can be used for short-cycle applications. The difference 

between this question and the question of ramp time is in the storage technology’s potential need 

to completely discharged or charged to be useful again. System characteristics may cause 

significant thermal stresses while cycling that may need to be mitigated simply by being offline. 

Similar to ramp time, whether there are such concerns is dependent on the application. Due to 

systems that will be able to ignore this criterion, a PIRT of F is assigned in this category.  

8) Will the dynamics of the storage technology lead to periods of unavailability? This 

question pertains to system realignment due to non-linearities in the storage system. An example 

of this is a thermocline tank in which the thermocline layer has expanded, creating a more 

isothermal system than is desired. By not having hot and cold sections set in the tank, the storage 
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tank now becomes ineffective until these two distinct sections can be re-established. Again, 

systems with long cycle lengths may be able to ignore questions of temporary unavailability, 

while it may be of great importance to short cycle systems. A PIRT of F is assigned in this 

category.  

9) How much does the storage technology cost? There are two overall costs figures that 

must be calculated in storage systems: $/kWh and $/kW. The first is associated with the amount 

of money per unit energy of storage available to the power producer. This figure should always 

be calculated with as much information as possible. For instance, in a sensible heat system, this 

cost value is useless without also indicating what the storage medium temperature change is. 

When it comes to calculating power costs, the cycle frequency may play a significant role as 

energy losses cause the amount of available power to decrease. Further, it should be recalled 

during design that there are no 100% efficient systems, and that the $/kW or $/kWh of 

discharged energy will always be higher than the charging value. The same storage technology 

may have different cost values depending on the application it is being used for. Every project 

will need to investigate costs, and so a PIRT of E is assigned in this category.   

10) What is the lifetime of the storage technology, especially when compared to the heat 

source and applications? The technology lifetime is linked with the technology cost, and how 

this question is approached will also be engineering team dependent. For instance, most current 

thermochemical studies show that they have limited cycles before too many pollutants arise in 

the reactant-product chain. In this case, at least the thermochemical media must be replaced in 

order to continue effectively store energy. Whether this should be considered a storage 

technology lifetime or simply considered a refueling cost will likely be application dependent. 

As storage is already an economic challenge, storage systems that are long-lasting will likely be 

the priority to avoid incurring additional costs. A PIRT of E is assigned to this category.  

11) Will the storage technology increase the geographical requirements of the system? 

There are two potential geographical challenges associated with energy storage. The first is the 

question of a particular geographical feature required to build the storage facility itself. 

Underground energy storage often requires specific geology depending on the storage technique 

in order to site properly. The second geographical requirement is the physical footprint required 

for the storage. The challenges herein may include the physical storage space as well as the 
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challenges of transporting energy between the power producer, storage, and energy applications. 

A PIRT of E is assigned in this category.  

12) Will the storage technology add to the concerns raised in environmental evaluation of 

the system? Energy storage is being investigated not only for potential economic benefit but 

more so for its ability to help curb harmful emissions in the energy sector. Therefore, the storage 

itself should be investigated on its environmental impact. It is not expected that many storage 

technologies will cause great concern in this area, but it will be a requirement for every 

application. Therefore, a PIRT of E is assigned in this category.   

13) How long can the storage technology remain unused between cycles before requiring 

intervention? Storage technologies may require some amount of constant energy or priming in 

order to remain useful. A system that is constantly used will not need to address this concern, 

while systems with longer cycles may need to address this. This question is going to be 

application specific, and as such will not be as much of a focus as some of the previous 

questions. A PIRT of R is assigned in this category.  

14) What kinds of regulatory challenges are expected? The nuclear power industry is 

especially concerned with regulatory oversight. Energy storage will bring in more than just 

nuclear regulators in nearly all applications. The electrical grid is also a highly regulated system 

due to its significant complexity and relative fragility. The first-of-a-kind storage 

implementations that use nuclear subsystems will likely pave the way for future ones with 

regards to regulatory issues. Because of this learning curve that should develop, a PIRT of F is 

assigned in this category.  

15) How will ownership, liability, and revenue-sharing be divided among the power 

producer, storer, and user? One may argue, with merit, that this is a legal issue and not an 

engineering issue. However, when evaluating a storage system and making the business case for 

it, this question has a significant impact on the economic evaluation. Furthermore, the expected 

agreements between producers, storers, and users, may impact the energy distribution priorities 

and thus the profitability and market potential of systems with storage. In some systems, there 

may only be one or two parties involved. Therefore, a PIRT of F is assigned in this category.  

Overall, 15 significant engineering design questions have been proposed as widely 

relevant to using energy storage integrated with nuclear power systems. Each has been evaluated 
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based on the frequency with which they will appear as a major decision point in the engineering 

design process. Table 3 summarizes the PIRT evaluation.  

Table 3. Summary of PIRT assignments for the engineering question 

Engineering Design 
Question 

PIRT Value Engineering Design Question PIRT Value 

Technology Readiness E Storage Cost E 

Heat Source 
Compatibility 

E Storage Lifetime E 

Effective Heat Storage E Geographical Requirements E 

Market Participation 
and Operational 

Flexibility 

F Environmental Concerns E 

Storage Size E Necessary Interventions R 

Ramp Time F Regulatory Challenges F 

Cycle Frequency F Ownership Dynamic F 

Unavailability 
Frequency 

F   

 

 

4.1.2 Joint Use Modular Plant Figure of Merit Study 

The JUMP FOM study identified thirteen items for inclusion to select the thermal energy 

storage technology to be integrated with the JUMP module. Criteria include: technology 

readiness, heat source compatibility, effective heat storage, ancillary services market application, 

storage size, ramp time, cycle frequency, unavailability frequency, cost, lifetime, geographical 

requirements, environmental concerns, and thermal support requirements. Two PIRT criteria, 

regulatory challenges and ownership dynamic, were not considered in the FOM study because 

unlike an economic application, these criteria did not apply to JUMP. The ownership dynamic is 

already well-established between the DOE and UAMPS. The question of regulatory oversight 

was not considered in the FOM study, in large part because there is not a known standard by 

which to judge the prospective regulatory challenges within the U.S. and also in part because a 
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purpose of the JUMP RD&D is to inform future regulatory practice. The figures of merit 

assigned for each category, developed by discussion among experts within JUMP, along with 

scaling justification are discussed.  

The JUMP program is a multifaceted research, development, and demonstration project 

using a small modular reactor designed and built by NuScale [36]. The project includes goals 

across various disciplines of interest to nuclear engineers. This research is focused on the 

integrated energy systems portion of the JUMP program. IES research goals of the JUMP 

program include the demonstration of a variety of thermal energy storage applications through 

the use of an energy storage mechanism directly integrated on the secondary side of the NuScale 

Power Module. The demonstration of multiple thermal energy storage applications including 

power peaking, high temperature steam electrolysis, and other potential process steam 

applications leads to a desire for a flexible TES system operating at the highest temperature 

possible. Maintaining high temperatures will allow the system to support a large number of 

process steam applications. Further, there is research interest regarding TES use for ancillary 

market participation unavailable to a standalone nuclear reactor. The original JUMP module 

timeline had it set to produce power around the beginning of fiscal year 2027.   

 

1) What is the technology readiness level? 

 

The technology readiness level is extremely important to JUMP as the system must be 

fully designed in the next few years to be licensed and deployed by 2027. The largest 

uncertainty will be regulatory challenges associated with a new nuclear power 

application. To give the proper weight, the FOM value equals the TRL (1-9 scale). This 

value should be reconsidered should JUMP be re-initiated, in case the timeline has 

changed.  

 

2) Is there technology experience integrating with nuclear steam pressures and 

temperatures? 

 

The steam generator exit conditions on the secondary side of a NPM are 2.7 MPa and 

300℃. Goals for the TES system in the JUMP program include application and 
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operational flexibility. With every stage of energy transfer or conversion, energy is lost 

and therefore there is motivation to use the steam as directly as possible. Being able to 

directly use this steam achieves a FOM of 2, having to somewhat downgrade this steam 

gives a FOM of 1, and a FOM of 0 indicates no direct use of this steam.  

 

3) Can the storage technology discharge high quality heat? 

 

The TES must be able to discharge its energy capacity as consistent high quality heat. A 

significant portion of the energy required by the chemical manufacturing industry uses 

steam at temperatures of 175℃ and below. Therefore, a system capable of discharging its 

entire store at above 175℃ was given a FOM of 2. A system capable of either sliding 

pressure discharge with some above 175℃ or a system capable of discharging between 

100-175℃ was given a FOM of 1. The lower temperature was selected because it is the 

boiling point of atmospheric water. Otherwise, the FOM was 0 for this category.  

 

4) Can the storage technology allow for participation in the United States Electrical 

ancillary services market?  

 

Nuclear reactors can presently participate in the spinning reserves market, but expanding 

the amount of ancillary services available to nuclear reactors may allow for additional 

revenue. Therefore, if a TES allows for participation in the frequency regulation market, 

a FOM of 2 was given. If a TES allows for additional participation in the reserves market, 

a FOM of 1 was given. Otherwise, a 0 was given for this category. 

 

5) Can the storage technology be scaled for the appropriate energy storage size?  

 

Based on discussions within the JUMP program, the intent of JUMP TES storage is to 

have capacity for a five-hour daily charging cycle with a maximum 50% steam takeoff 

from the NPM (~162 MWt reactor). A system must therefore be able to manage 400 

MWh. Smaller systems are not considered unusable, but a value of 100 MWh is 

considered the lower bound of valued systems. A system capable of accepting 400 MWh 
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of energy was given a FOM of 2. One that could store at least 100 MWh but not 400 

MWh was given a 1, and a 0 was given otherwise.  

 

6) What is the ramp time to initiate full charging or discharging of the storage 

technology?   

 

The storage technology ramp time may dictate compatible applications for the TES 

system. With regards to ancillary services, the most restrictive reserve market restrictions 

are 10 minutes. Therefore, a storage technology capable of ramping to maximum power 

in 10 minutes or less was assigned a FOM of 2. Ramp times longer than these but still 

less than an hour would allow for planned daily system cycles. Therefore, a ramp time of 

less than an hour is assigned a 1, and any ramp longer than that is given a 0.  

 

7) What is the storage technology cycle frequency?  

 

Flexible operation is a primary goal of the JUMP module, which could lead to frequent 

changes between charging and discharging cycles. If a system can charge and discharge 

at will, a FOM of 2 was given. If there were TES restrictions to daily cycles, JUMP 

would still be able to operate individual and separate experiments. A system that could 

cycle only daily is given a FOM of 1, and a 0 to systems with longer cycles.  

 

8) What is the storage technology realignment frequency?  

 

Realignment frequency is the need of a system to either wait on some phenomenon or 

correct a non-ideal process and leads to a reduction in capacity factor. If no realignment 

is required, a FOM of 2 is given. If realignment is required every cycle, a FOM of 0 is 

given, and a FOM of 1 is given for values in the middle.  

 

9) What is storage technology cost?   

This value is evaluated after the total FOM is calculated and is used later as a selection 

method. Assuming all other values were even, the lowest cost option would be selected.  
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10) What is the storage technology lifetime? 

 

Technology lifetime refers to the time before the TES would need self-replacement. Like 

cost, this factor is considered after the FOM is calculated. Technology lifetime that is 

similar to nuclear reactors (40-80 years) would ensure that cost values are complete and 

do not need to be altered for TES replacement.  

 

11) Are there specific geographical needs for the storage technology?  

 

JUMP research is intended for use across global nuclear power applications, and for TES 

to be deployed globally with as little re-design as possible geographical needs are 

considered. FOM of 0 is assigned to a geographic specific technology, and a FOM of 1 is 

assigned to a TES without those requirements.  

 

12) Will the storage technology add unique and additional environmental concerns?  

 

Environmental concerns are important and can appear in multiple stages of TES use: 

construction, direct use, and during decommissioning. A FOM of 1 is assigned to a 

technology that does not add significant environmental concerns to a nuclear power 

system, and a FOM of 0 was assigned to a technology that adds new environmental 

concerns.  

 

13) Does the storage technology require constant heat supply or heat tracing?  

 

A system that needs heat tracing or a constant supply of heat is assigned a FOM of 0 due 

to the additional design constraints it will place on the system. A system that faces no 

concerns if heat is not constantly supplied is assigned a FOM of 1. 

The composite scores rankings are presented in Table 4 below. Two-tank sensible heat 

systems, steam accumulators, and solid media thermal energy storage systems are the only 

systems to achieve scores of at least 20. The maximum achievable score was 26, and the average 

was 17.0. The detailed category-by-category results are listed in Table 15 in section A.3. 
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Table 4. Evaluation of Thermal Energy Storage Options 

Technology FOM Technology FOM 

Borehole UTES 14 Aquifer UTES 14 

Hot and Cold Water 18 Solid Media (Concrete) 20 

Firebrick 14 Geothermal 11 

Thermochemicals 12 PCMs 16 

Molten Salt – Thermocline 17 Thermal Oil – Thermocline 17 

Molten Salt – Two-Tank 23 Thermal Oil – Two-Tank 23 

Steam Accumulators 22 AVERAGE: 17.0 

 

Two-tank TES systems, steam accumulators, and concrete were the highest scored 

technologies and will now be evaluated based on operational fit and on prospective project cost. 

From this point forward, molten salt TES and thermal oil TES will exclusively refer to two-tank 

configurations. To continue making evaluations of these technologies, a project cost must be 

estimated. The upper bound of the cost estimation may need to be expanded relative to current 

research to accommodate the lower ∆T that will be inherent in LWR nuclear energy integrated 

systems. This is particularly true when compared with concentrated solar facilities. The power 

densities of other systems is expected to be higher than what is available to LWRs. Table 5 

compares the capital costs per unit of energy and power, round trip efficiencies, and energy 

densities of these technologies.  
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Table 5. Energy and Power Cost Estimates for Potential TES technologies 

Technology Energy Cost 

($/kWhe) 

Power Cost 

($/kWe) 

Est. Round 

Trip 

Efficiency (%) 

Energy 

Density 

(kwhe/m3) 

Concrete 25-150 [4] [33] 500-3000 [4] 50%-92% [4] 

[40] 

22-82.5 [4] 

[40] 

Molten Salt  5-30 [4] 400-2100 [4] 40-93% [4] 170-420 [4] 

Thermal Oil 8-16 [4] [91] 600-1400 [4] 

[91] 

40-93%  100-300 

[55] 

Steam 

Accumulators 

130-400 

(Estimate) 

1200 

(Estimate) 

70-90%  20-30 [67] 

 

Concrete costs are estimated from multiple sources. The cost would ideally be as low as 

25 $/kWhe for energy capacity, however this does not take into account the lower temperature 

changes available from LWR systems. Costs will also depend on the local fabrication costs of 

these systems. Multiple sources agree that the lowest realistic cost for concrete storage will be 

around 25 $/kWhe. However, due to the low power density in concrete, the minimum power cost 

is around a factor of 20 higher. Here, a conversion factor of 0.35 is used. A project cost estimate 

can be found as the greater of:  

$

𝑘𝑊ℎ𝑒
∗ 400 𝑀𝑊ℎ𝑡 ∗ 0.35      (44𝑎)          𝑜𝑟                 

$

𝑘𝑊𝑒
∗ 80 𝑀𝑊𝑡 ∗ 0.35 (44𝑏) 

The cost estimate of using concrete storage, using the low and high ends of these 

estimates, is around $14-$84 million. Without further deployment of concrete TES, it is too early 

to tell which end of the cost range is more accurate for JUMP.  

Molten salt TES costs are a bit more available and based on existing experiences. Around 

half of the cost of molten salt storage systems is in the salt itself [91]. Prices quoted in literature 

exclusively have to do with using relatively cheap salts (solar salt, HITEC) under large 

temperature deltas. Solar salt and HITEC have liquidus temperatures of 220°C and 142°C 

respectively, leading to maximum JUMP temperature deltas within the storage (using saturation 

temperature at NuScale secondary steam pressure) of 22°C and 99°C, much lower than the often 

used 295°C temperature changes found in literature. Salt choice will have a significant impact on 

the cost of the system, and the percentage of cost of salt may grow to more than 50% of the cost. 
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Even so, minimum costs for molten salt are around 5 $/kWhe, and some basic estimates see 

nuclear cost at around 13 $/kWhe [3]. The upper limit on salt is raised from literature by a factor 

of 3 to account for the smaller temperature changes that JUMP will be able to use. The upper 

power cost estimate is similarly altered. The cost estimate for molten salts is then between $11-

$56 million.  

Thermal oils are noted as being around 40-45% more expensive than molten salt for 

concentrated solar power applications [91]. Thermal oil costs more per unit of mass-energy in 

storage and the maximum temperatures of thermal oils are lower than salts. In a nuclear system 

however, the maximum thermal oil temperature is no longer the limiting factor, and the lower 

available temperatures lead to larger temperature changes available in thermal oil systems. By 

uprating the cost of thermal oil directly from the molten salt costs, an estimate of about 8-16 

$/kWhe is reached. The minimum power cost is expected to be high as well, around 600 $/kW, 

with a maximum of 1400 $/kW. The total capital cost of this system then would be between $17-

$39 million.  

Finally, steam accumulators are not typically used in a large-scale manner, and the cost of 

steam accumulators is highly dependent on pressures, locations, capacity, and discharge rates. 

The cost of steam accumulators is generally regarded as inhibitive and is typically only 

beneficial if the presence of an accumulator can reduce the size of a corresponding boiler and its 

fuel consumption [32]. A low-end capital cost estimate of accumulators is around 15 $/gallon. 

With accumulator energy density generally around 20-30 kWht/m3, this leads to a range of $53-

$80 million as the low-end estimate for a 400 MWht system [67]. The requirements for power 

would actually be even higher, as it could take around 6,200,000 gallons to meet power 

requirements, and the price per unit power is estimated at 1200 $/kWe [92]. Low-end and high-

end project costs, along with biggest source of cost uncertainty are presented in Table 6. 
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Table 6. TES project capital cost estimations for JUMP 

Technology Low-End Project 

Cost ($ million) 

High-End Project 

Cost ($ million) 

Biggest 

Uncertainty 

Concrete 14 84 Cost per unit power 

Molten Salt  11 56 Impact of low ΔT, 

new salt selection 

Thermal Oil 17 39 Specific oil pricing  

Steam 

Accumulators 

53 95+ Cost of steam 

accumulator unit, 

units needed to meet 

power requirements 

 

Overall, steam accumulators are significantly more expensive than concrete, molten salt, 

or thermal oil storage for nuclear plants. This expense prohibits their use. Concrete has the 

highest of the high-end project cost estimations due to uncertainties in the amount of power that 

concrete can provide during discharge. Molten salt is potentially the lowest cost TES option at a 

cost of around $11 million, but how well prior molten salt estimations will hold up when nuclear 

temperatures are considered has not yet been investigated, and this uncertainty leads to the 

increased high-end cost estimation. Thermal oil storage, noted in molten salt research as being 

relatively expensive, has the smallest potential capital cost range due to its simpler integration 

with LWR temperatures.  

Project costs are one of the final items needed to fully compare the separate technologies 

for TES deployment. The other FOM item that has not yet been discussed is the technology 

lifetime. The expected lifetime for concrete systems is around 50 years if the temperature is kept 

below 400°C. Molten salt systems do not have a listed lifetime and should last indefinitely with 

good material selection [4]. Thermal oil lifetime depends on the amount of thermal cycling and 

how closely the system is operated to the oil boiling temperature. With proper tank buffering and 

maintaining temperatures 100°C below boiling point, oils should last at least 30 years. Finally, 

steam accumulators are very robust machines whose lifetime depends on the purity of the water 

being used. As it is currently proposed to use nuclear secondary water, which goes through 
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extensive chemical cleaning, accumulator lifetime is also assumed to be sufficient. Technology 

lifetime is considered a tie for all these technologies.  

Research or deployment needs will dictate technology selection. For near-term 

deployment, two-tank systems, steam accumulators, and concrete storage options appear as the 

most appropriate solutions for IES.  

 

4.2 Economic Algorithm Development 

An integrated energy system presents a new control dynamic born out of the options for 

the different energy streams. The problem statement is straightforward: How are energy streams 

directed in this system within demand constraints so that profit is maximized?  

This preliminary algorithm maintains a few assumptions:  

All cost values include the conversion between thermal and electric energy.  

Prices and costs are constant for a given time interval. 

All energy streams are equally valuable if going to the same user. 

The TES discharge has a separate and independent controller. 

The IES in question has five energy producers, stores, or users interconnected. A nuclear 

reactor produces a constant amount of energy. A thermal energy storage system has a maximum 

energy capacity and can be charged using energy from the nuclear reactor. The nuclear reactor 

and the TES can discharge to a turbine-generator system that converts kinetic energy into 

electricity for sale on the electricity grid. A natural gas boiler produces heat. The boiler, TES, 

and nuclear reactor all have an option of providing energy to the secondary energy user.  
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Figure 11. General IES setup including TES and secondary energy user for economic algorithm 

development 

𝑄𝑆𝑀𝑅 = 𝑄𝐶𝐻 + 𝑄𝑅𝑋𝑔 + 𝑄𝑅𝑋2 (45) 

𝑄2𝑛𝑑 − 𝑄𝑑2 = 𝑄𝑁𝐺 + 𝑄𝑅𝑋2 (46) 

𝑄𝑔𝑟𝑖𝑑 = 𝑄𝑑𝑔 + 𝑄𝑅𝑋𝑔 (47) 

0 ≤ 𝐸𝑠𝑡𝑜𝑟 + ∆𝑡(𝑄𝑐ℎ − 𝑄𝑑𝑔 − 𝑄𝑑2) ≤ 𝐸𝑠𝑡𝑜𝑟𝑚𝑎𝑥 (48) 

𝑚𝑎𝑥𝑖𝑚𝑖𝑧𝑒         𝑟 = 𝜇𝑔𝑄𝑔𝑟𝑖𝑑 + 𝜇2𝑛𝑑𝑄2𝑛𝑑 − 𝜇𝑁𝐺𝑄𝑁𝐺 + (𝜇𝑑𝑔 − 𝜇𝐶𝐻)𝑄𝑐ℎ (49) 

Definition of terms: 

𝑄𝑆𝑀𝑅 , 𝑄𝐶𝐻, 𝑄𝑅𝑋𝑔, 𝑄𝑅𝑋2, 𝑄2𝑛𝑑, 𝑄𝑁𝐺 , 𝑄𝑔𝑟𝑖𝑑, 𝑄𝑑𝑔, and 𝑄𝑑2 are all measures of power for the: 

SMR, TES charging power, reactor power to the generator, reactor power directly used by 

secondary energy user, natural gas to the secondary energy user, net grid power, discharge to the 

grid, and TES discharge to the secondary energy user respectively. 

𝐸𝑠𝑡𝑜𝑟 and 𝐸𝑠𝑡𝑜𝑟𝑚𝑎𝑥 are instantaneous and maximum TES storage energies.  

𝜇𝑔, 𝜇2𝑛𝑑 , 𝜇𝑁𝐺 , and 𝜇𝐶𝐻 are all monetary prices per unit power (and functions of time) of: 

power sold to the grid, produced goods (evaluated as a function of power used) from the 

secondary energy user, natural gas used, and the calculated future value of current charging.  

A linear program using the simplex method can apply the objective function on the set of 

constraints to find the optimal operation strategy. Linear programming theory states that an 

optimal solution must be at an extreme, or local max/min solution. The simplex method is easily 

programmable in most coding languages. 
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The inputs for this system are: ∆𝑡, 𝑄𝑑2, 𝐸𝑠𝑡𝑜𝑟 , 𝑄𝑆𝑀𝑅 , 𝑄𝑑𝑑 , and the cost value information. 

The grid electricity price, cost of natural gas fuel, and value of energy input into the secondary 

energy user are all available as inputs evaluated at the time the program runs. There is a question 

of how to find the price of charging 𝜇𝐶𝐻. The value of stored energy is dependent on a few 

factors including projected future energy value, confidence in that value, energy decay rate, and 

marginal cost of storage.  

Below is a proposed algorithm to determine 𝜇𝐶𝐻. 

For probability 𝜋, 휀[0,1], decay factor 𝜆𝑖 ≤ 1, expected values 𝜇𝑎𝑛𝑡, energy stored 𝐸𝑠𝑡𝑜𝑟 , 

and maximum discharge rate 𝑄𝑑𝑖𝑠,𝑚𝑎𝑥: 

Given an integer I number of intervals to be evaluated, establish: 

𝜇𝑖 = (𝜋𝑖𝜇𝑎𝑛𝑡 + (1 − 𝜋𝑖)𝜇𝑎𝑣𝑒)𝜆𝑖 (50) 

If all 𝜇𝑖 are arranged from maximum to minimum value, then the next step is to calculate 

j such that:  

𝑓𝑙𝑜𝑜𝑟 (
𝐸𝑠𝑡𝑜𝑟

𝑄𝑑𝑖𝑠,𝑚𝑎𝑥∆𝑡
) + 1 = 𝑗 (51) 

The energy stored in the TES has now been assigned based on its future worth at each 

time step. The present value is the next highest: 

𝜇𝐶𝐻 = 𝜇𝑗 (52) 

The results of applying this algorithm are seen in Section 4.5, specifically in the 

generation of the demand profile from the pricing data, both seen in Figure 32. 

With all inputs and values available, the simplex algorithm can direct the integrated 

energy system control algorithm to optimally distribute energy flows. Future work on this 

algorithm must include relaxation on various assumptions. Four assumptions were listed at the 

beginning of section 4.2. The first is effectively a notation simplification, but it does include an 

underlying assumption that efficiency is constant with energy distribution. That may not be true 

and should be relaxed. The second assumption is tied in with this same assumption and is 

reasonable with a small enough time window and without extreme events. The third assumption 

will likely need to be relaxed which would add correction terms into the energy balance 

equations. It would also be system specific.  
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4.3 Integrated Energy Systems Modeling 

The main IES model used in this research is seen in Figure 12 and Figure 13. The 

decision to use concrete TES is discussed in Section 5.1.2. The IES model contains a natural 

circulation small modular nuclear reactor based on open-source information published by 

NuScale [14] [19] [20]. This model comes from the Nuclear Hybrid Energy Systems modeling 

library developed at Idaho National Laboratory. The model contains the main steam generator 

and connects to the power conversion system via two fluid ports. The secondary side is a highly 

interconnected fluid network around the steam turbine due to the complexities of the reheat train 

integrated with bypasses and extractions from the steam turbine. The TES maintains a relatively 

straightforward integration: using TBV flow to charge, where the condensate goes back to the 

condenser. The discharge is sourced from the condenser and its steam output is inserted back into 

the steam turbine upstream of the first moisture separator.  

In this section, “standard” TES simulation output is presented to show the characteristic 

behavior of the IES and the models built for this research. The TES involved contains 750 pipes, 

each 150 m long. The stainless-steel pipes are 7 cm in inner diameter and 0.9 cm thick. The 

spacing from the pipe to the adiabatic boundary condition (or half the distance between two 

pipes) is 0.2 m. Concrete dimensions are estimated based on JUMP FOM storage goals (400 

MWh) and research estimates for energy storage density listed in Table 5. The rise in discharge 

pressure is 6.6 bar, the nominal pressure drop across the DFV is 2 bar at a nominal mass flow 

rate of 20 kg/s. The second control valve downstream of the TES and just upstream of the re-

integration moisture separator has the same parameter characteristics. The TBV has a nominal 

pressure drop of 0.1bar and a nominal mass flow rate of 68.4 kg/s. The TBV was mass flow rate 

controlled during the demonstration case, while the DFV position in the demonstration case was 

set to open at specified times. All named valves operated based on Equation 34.  

Initial simulation goals included creating an understanding of the complex dynamics in 

the interconnected system seen in Figure 13. This figure is intended to show the complexity of 

the fluid system. Figure 10 is the representative block diagram for the system. To observe the 

natural behavior of the system, there is not an electrical demand profile set on the system. 

Instead, the TBV and DFV have trapezoidal signals that create the system’s testing space. The 

system is then allowed to respond naturally with only four control methods in place: the TCV 

controlling the steam generator pressure, the FCV controlling the steam mass flow rate, the 
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FWCP controlling the pressure drop across the FCV, and the “Tave” program moderating reactor 

power. The generator power is uncontrolled for the results in this Section 4.3.  

The testing simulation conditions are:  

At 9600 seconds: the TBV opens over 500 seconds, charges at full rate for 17000 

seconds, and closes over 500 seconds (5 hours of charging). At 36000 seconds: the discharge 

valve begins to open and requires 1500 seconds to fully open before staying open for 21000 

seconds and re-closing over 1500 seconds (6 hr 40 min of discharging). Full simulation time 

terminates at 86400 seconds (1 day). The resultant flow rates are seen in Figure 14. Charging 

steam enters the TES at 22 bar and discharge steam is produced at 3.8 bar. The saturation 

temperatures are 219°C and 142°C. This ΔT is necessary for a sensible heat storage system to 

accept and discharge to latent heat systems. Included in this section are both transient and 

benchmarking results, discussed by subsystem section.  

 

 
Figure 12. IES top level model and NuScale build level 
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Figure 13. Secondary side integrated with concrete TES  

 

Figure 14. Behavioral simulation TES charging (red) and discharging (blue) mass flow rates 

The TBV opens and allows ~32 kg/s of mass flow to charge the TES system and the 

“Discharge Flow Valve” (the valve that opens to allow flow siphoned from the condenser to 

discharge the TES) opens to allow ~23 kg/s of flow to discharge the TES.  

Additional plots of interest are shown in Figure 15 and Figure 16, which show how the 

pressure in the turbine changes with the turbine inlet mass flow rate. The pressure changes 

proportionally with the change in mass flow rate through the turbine bypass valve. Of some 

interest is the seemingly odd behavior that occurs at the high end of the plots. This is due to the 

x-axis variable selection. During discharging conditions, there is an increase in pressure that 

impacts the turbine inlet due to the increased mass flow rate in the second half of the turbine. 
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The x-axis variable is the turbine inlet mass flow rate, which does not reflect this mass flow rate 

change occurring further into the turbine.  

 

Figure 15. Turbine header pressure (bar) vs turbine inlet mass flow rate 

 

Figure 16. Various internal turbine pressures (bar) vs turbine inlet mass flow rate 

The pressure changes throughout the simulation can be, as expected, seen as reflecting 

the mass flow removal and reinsertion due to the TES. There is a large drop in turbine pressure 

when nearly half of the mass flow rate is removed from the system. The pressure change seen in 

Figure 17 becomes constant just as the mass flow rate does in Figure 14. During discharging, an 

interesting set of phenomenon combine to cause the steady slope. TES discharge mixes with 

main steam flow passing through the turbine, and the new mixture passes through a moisture 

separator. As the TES discharge decreases in energy (as the thermocline is depleted), the 
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moisture separator will remove more liquid out of the flow, and thus pass less steam through the 

turbine stages. This will decrease the pressure flowing through the turbine. Looking back at 

Figure 14, the decrease in pressure will lead to a natural increase in mass flow rate, which 

explains that behavior. Figure 18 shows the same pressure effects on the feedwater heaters.  

 

Figure 17. Turbine pressures (bar) vs time over a charging and discharging cycle 

 

Figure 18. Feedwater heater shell inlet pressures vs time 

Table 7 below compares the actual model pressures at various locations in the secondary 

side against the reference NuScale documented pressures in the NRC design documents. Values 

in the table are all within 10% of the design values (most are closer), demonstrating that the 

models have good agreement with the NuScale’s models.  
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Table 7. Turbine internal pressures and feedwater heater pressures measured against reference 

NRC NuScale pressures during nominal (not charging or discharging) conditions 

Location Reference Pressure 

(bar) 

Nominal Simulation 

Pressure (bar) 

% Error 

Turbine Header 31.681 31.78 0.3% 

Stage 1 Outlet 26.124 24.2 -7.4% 

Stage 2 Outlet 5.226 5.35 2.4% 

Stage 3 Outlet 2.53 2.36 -6.7% 

Stage 4 Outlet 1.35 1.21 -10.4% 

Stage 5 Outlet 0.632 0.608 -3.8% 

Stage 6 Outlet 0.527 0.502 -4.7% 

Stage 7 Outlet 0.272 0.269 -1.1% 

Stage 8 Outlet .082 .08* 
-2.4% 

LP Shell Inlet 0.581 0.543 -6.5% 

IP Shell Inlet 1.351 1.477 9.3% 

HP Shell Inlet 4.979 5.003 0.5% 

*Set by condenser model 

 

Figure 19 depicts the impact of TES charging and discharging on the feedwater 

temperature entering the steam generator. As expected, during charging it is seen that the 

feedwater temperature decreases while during discharging the feedwater temperature increases. 

The combination of mass flow rate decreases on the shell side (less possible energy transfer from 

the limiting side) and lower pressure (lower inlet temperature due to the decreased saturation 

temperature) combine to decrease the final feed temperature (green line) during TES charging. 

The feedwater temperature increases due to the opposite effects when the TES is discharging.  
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Figure 19. Impact of TES use on feedwater conditions 

Table 8 below shows the new conditions that occur during system charging and 

discharging.  

Table 8. Key simulation conditions during charging and discharging 

Location Nominal 

Temperature (°C) or 

Pressure (bar) 

Charging Temperature 

(°C) or Pressure (bar) 

Discharging 

Temperature (°C) or 

Pressure (bar) 

LP Tube Outlet 67.19°C 68.64°C 76.5-76.7°C 

IP Tube Outlet 106.11°C 102.00°C 114.4-115.3°C 

HP Tube Outlet 135.86°C 123.21°C 147.514-150.19°C 

LP Shell Inlet 0.543 bar 0.428 bar 0.623-0.631 bar 

IP Shell Inlet 1.477 bar 1.136 bar 1.635-1.771 bar 

HP Shell Inlet 5.003 bar 3.454 bar 5.526-5.783 bar 

  

The core inlet temperature is only altered by about 0.5°C during either charging 

(decreases) or discharging (increases) (Figure 20). There is a standard “T-ave” program with a 

reactor power demand shim that allows control rods to move in response to average coolant 

temperature changes. The pressurizer operates without sprays or heaters. In the core, using this 

standard NHES repository average coolant temperature based control rod algorithm, we can 

observe that the core power changes by less than +/- 4% during all operating conditions (Figure 
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21). As the system is natural circulation, it is expected that changes in the secondary side would 

be less quickly mitigated by the control systems (no pumping). Decreases in feedwater 

temperature causing a positive reactor power feedback and the opposite effect during a 

temperature increase is expected due to a negative moderator feedback coefficient.  

 

Figure 20. Core inlet and outlet temperature through one cycle 

 

Figure 21. Total reactor power though one cycle 

Figure 22 shows the concrete surface temperatures, in solid lines, at the end of a 

simulation day. The list of temperatures on the left side of the figures is in order from hot end of 

the thermocline to cold end, with the final two temperatures being fluid temperatures instead of 

concrete temperatures. The fluid temperatures are plotted using dotted lines. It is seen that there 

is no inappropriate temperature crossing that occurs in the model, as the concrete never reaches 

the charging fluid temperature and the boiled fluid never surpasses the concrete storage 
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temperature. There are a couple drastic temperature changes that occur in the model due to the 

major pressure shift that occurs during discharge conditions. The nominal pressure is set by the 

charging fluid conditions during non-discharging time periods. This concrete TES model 

contains simplifications listed in Section 3.2.4. All fluid conditions exist at a single pressure, and 

so changing that pressure nearly instantaneously without transferring heat will cause temperature 

to shift in the model. The realism of this change is quickly approached as new fluid flows 

through the storage device. Based on the evidence in Figure 22, Dymola considers the enthalpy 

of the fluid to stay constant during the pressure shift and bases temperature on the pressure and 

enthalpy.  

Figure 23 shows the concrete temperature profile radially, or depth-wise, during a full 

simulation. The surface temperature increases quickly during charging, and the inner temperature 

gradient becomes readily apparent. During discharging, the temperature profile reverses as the 

surface heat removal is more impactful than the interior conduction. This behavior is what would 

be expected as, from the consideration of the concrete, the temperature boundary condition that 

is the HTF suddenly reverses, and so conduction must occur in the opposite direction. Given 

time, the concrete goes to thermal equilibrium radially due to internal conduction.  
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Figure 22. TES fluid (dotted) and concrete (solid) surface temperatures during the cycle. Nodes 

are evenly spaced axially between the hot and cold node 

 

Figure 23. Concrete depth-wise temperatures at the length-wise midpoint 

4.4 Integrated Energy System Sizing Sensitivity Analysis 

An IES will maintain deployment-specific configuration and thus sizing. To optimize, the 

system must be simulated for its operational mode(s) using varied inputs for alterable 

parameters. Further, an optimization criterion needs to be selected. For this optimization, 135 

MWhe equivalent storage system undergoes a daily five-hour charging cycle removing 45% of 

the steam flow from the main turbine. The concrete system heats, stores, and then discharges 
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steam back into the turbine with a maximum steam flow rate boost of 30% (compared to turbine 

inlet flow rate). Using the values in Table 6, the concrete system would cost between $6.375-

$20.25 million. Using a cost gain (gain defined as actual sale cost less sale cost at time of 

storage) of 20 $/MWhe (assuming peak electricity price is twice daily average), 165-990 GWhe 

of electricity must be sold via the storage system to match the monetary input. Thus, an estimate 

of operational days to offset production costs can be seen in Equation 53.  

𝐷𝑎𝑦𝑠 = [
165𝐺𝑊ℎ

𝛾 ∙ 135 𝑀𝑊ℎ
𝑑𝑎𝑦⁄

,
990𝐺𝑊ℎ

𝛾 ∙ 135 𝑀𝑊ℎ
𝑑𝑎𝑦⁄

] = [
1200 𝑑𝑎𝑦𝑠

𝛾
,
7500 𝑑𝑎𝑦𝑠

𝛾
] (53) 

 It is apparent from this equation then that the electrical storage efficiency 𝛾 (which is 

different than the thermal efficiency reported in Table 5) is key to the economic viability of this 

system. Thus, a sensitivity analysis and optimization on 7 variables is done to determine the 

system response to their adjustment. 25 permutations of the optimization variables are selected to 

observe their system impact. The 7 variables are the low pressure feed water heater NTU value, 

intermediate pressure feed water heater NTU, high pressure feed water heater NTU value, 

concrete storage number of pipes, concrete storage pipe and concrete heat transfer length (m), 

concrete thickness (can be thought of as ½ pipe spacing) (m) and concrete width (third 

dimension describing heat transfer cross sectional area between pipes) (m). Each variable is 

sampled from a flat probability distribution between a minimum and a maximum value. The 

sampling ranges are listed in Table 9 below.  

Table 9. Optimization parameters and their sampling minimum and maximum values 

Parameter Minimum Value Maximum Value 

Low Pressure FWH NTU 1 25 

Intermediate Pressure FWH NTU 1 25 

High Pressure FWH NTU 1 25 

Number of Pipes 500 1000 

Pipe Length 75m 225m 

Concrete Thickness .2m 1m 

Concrete Depth .1m 1.1m 
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Figure 24 to Figure 26 below show the sensitivity plots of relevant data against the 

parameter selection above. Investigated output values are round trip efficiency (Figure 24), 

length of time of discharge (T_dis, Figure 25), and maximum average concrete temperature 

(Figure 27) against the number of pipes in the TES, pipe length in the TES, the conductive width 

and conductive cross-sectional dimension “depth”.  

Figure 24 shows the impact of four parameter changes on round trip efficiency. Round 

trip efficiency was calculated using integrals of actual power differences:  

𝑅𝑇𝐸 =
∫ (𝑄𝑒𝑙𝑒𝑐 − 𝑄𝑒𝑙𝑒𝑐,𝑛𝑜𝑚)𝑑𝑡

𝑇𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

0

∫ (𝑄𝑒𝑙𝑒𝑐 − 𝑄𝑒𝑙𝑒𝑐,𝑛𝑜𝑚)𝑑𝑡
 

𝑇𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

=
𝑃𝑜𝑤𝑒𝑟𝐺𝑎𝑖𝑛𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑃𝑜𝑤𝑒𝑟𝐿𝑜𝑠𝑡𝐶ℎ𝑎𝑟𝑔𝑒
(54) 

There appears to be a positive correlation between round trip efficiency and both the 

number of pipes and pipe length. RTE values are higher with either longer pipes or an increased 

number of pipes. The concrete width and depth do not appear to have an individually measurable 

impact on the round trip efficiency of the TES.   

 

Figure 24. Impact of number of pipes, pipe length, concrete width and depth on RTE 

Figure 25 shows the impacts of the input variables on the time length that the system was 

discharging. There appear to be positive correlations between the discharge time and the number 

of pipes and the pipe length, while no correlation appears to exist between the concrete width 

and depth and the discharge time. That both the round trip efficiency and discharge time would 
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have the same correlations is expected, as these two values are linearly correlated themselves as 

seen in Figure 26. The amount of power gained would depend on the length of time that the TES 

can boost the generator power.  

 
Figure 25. Impact of number of pipes, pipe length, concrete width and depth on discharging time 

length 

 

Figure 26. Discharge time length vs round trip efficiency 

The impact of the TES number of pipes, pipe length, concrete width and depth on 

maximum average concrete temperature is presented in Figure 27. There appears to be no 

correlation between at least pipe length and concrete width and the maximum average concrete 

temperature. Concrete depth appears to have a slight negative correlation, and the number of 

pipes data appears inconclusive. It is interesting that only the depth, which dictates the cross-
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sectional area, has any clear correlation to the maximum average concrete temperature. As the 

cross-sectional area increases, the rate of heat transfer through the concrete would also increase.  

 

 
Figure 27. Impact of number of pipes, pipe length, concrete width and depth on maximum 

average concrete temperature 

Figure 28 shows the output correlation between maximum concrete temperature and 

round-trip efficiency. There appears to be a slight negative correlation that exists between these 

two variables. The amount of total heat deposited in the TES is constant across all simulation 

instances. 

 

Figure 28. Maximum concrete average temperature vs round trip efficiency 

The overall results of the operational sensitivity analysis indicate that increasing the 

number of pipes and the length of those pipes will increase the round-trip efficiency. Specific 
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pipe length and the specific number of pipes can be determined using an economic sensitivity 

analysis to optimize the system value.   

Figure 29 shows the relationships between the various feedwater heat exchanger NTU 

values and the “nominal” feed temperature. The nominal value is taken as the feed temperature 

observed during long periods of nominal operating conditions. Overall, as expected, the 

feedwater temperature is highest when the FWHs have very high NTU values. There is a 

temperature plateau, which makes sense as there is a maximum amount of heat available on the 

shell side of the FWHs. The IP FWH appears to have the strongest direct correlation between the 

NTU value and the impact on the eventual feedwater temperature.  

 

Figure 29. Nominal feedwater temperature (C) vs FWH NTU values and combined NTU 

4.5 Economic Optimization Algorithm 

To demonstrate the algorithm, actual world pricing data should be used to demonstrate a 

practical use of the algorithm in increasing the monetary value of a nuclear system using TES. 

Eight consecutive days of hourly day-ahead pricing market for ERCOT is used to show a 

genuine pricing curve, as seen in Figure 30. The spread of days is from October 17th-24th, 2020. 

ERCOT provides extensive data with many prices across its interconnect, and so the median 

price is used as the best indicative full-market price. While a true market price would be the 

average price weighted by power generation at that price, the power generation data was not 
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given and thus the median value is considered to likely be more indicative of the system as 

opposed to an unweighted mean. The algorithm demonstration assumes sufficient capacity in the 

electrical market to accept maximum discharge power, as well as sufficient other capacity at 

price to make-up for any power production from this source due to charging the TES.   

 

Figure 30. Median ERCOT price from midnight Saturday Oct. 17, 2020 to midnight Sunday 

October 25, 2020 [93] 

Even within this relatively short sample size, multiple different kinds of pricing days are 

present. Days 1, 2, and 5 have large pricing spikes in the evening, while days 3, 4, 6, and 8 have 

small price increases and day 7 doesn’t have any significant price increase whatsoever. The 

pricing algorithm was run on daily cycles with the initial TES energy value being equal to the 

leftover from the previous day. The cycle assumed a 65% efficiency, as that was a typical high-

end value as seen in Figure 26. Using that information and the charging and discharging power 

rates also used in the sizing study, a nuclear electric demand profile over the 8 day span is 

generated and presented in Figure 31. Figure 32 overlays the demand on the price curve to show 

the daily cycles together.  

In conjunction with the results of the sensitivity analysis, the number of pipes in the TES 

was increased from 750 in the sample simulation to 900, and the length of those pipes was 

increased from 150 m to 175 m. Based on the sensitivity analysis, these values should produce a 

round trip efficiency between 0.6 and 0.7. The concrete thickness remained 0.6 m. All ramps 

moving from nominal to charging, charging to nominal, nominal to discharging, and discharging 

to nominal were taken to be 600 second ramps set evenly from the 55th minute of the previous 
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hour to the 5th minute of the new hour. The generator power during charging was 29.425 MW, 

during discharging it was 65.5 MW and nominal power was 53.5 MW.  

 

 

Figure 31. Algorithm-calculated demand curve for ERCOT deployment Oct. 17-24 

  
Figure 32. Demand and Price ERCOT data from Oct. 17-24 

The demand profile generally attempts to capture any peaks it can while charging during 

the troughs earlier in the day. As the expansion of the time-window increases, it would be 

expected that more-consistent trough charging and more-consistent peak discharging will occur 

in the system. The relative sizes of the troughs and peaks should be correlated to the energy mix 

of the interconnect. Figure 33 shows the actual ERCOT generation in 2020. Gas and coal 
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produced 65% of the energy through October 2020. Nuclear has provided an additional 11% of 

the energy. Intermittent wind and solar power have provided 22% and 2% of the energy 

respectively. Prevailing logic is that high quantities of intermittent sources mixed with the 

ramping of daily cycles can lead to energy pricing peaks and troughs. Those are seen in Figure 

32, and they are inconsistent likely due to the high amount of wind energy.  

 

Figure 33. ERCOT actual energy production mix for 2020 [71] 

Creating the new demand curve allows for investigation of two research items. First, 

preliminary financial information of a NuScale-sized system can be gleaned from the demand 

profile and this information can inform an evaluation of the pricing algorithm. Second, the 

demand profile can be used by the Dymola models to evaluate the actual system results using 

this demand profile in place of the generic one for the system sizing.  

$𝑀𝑎𝑑𝑒 =  ∑ 𝑃𝑟𝑖𝑐𝑒𝑖 ∙ 𝑃𝑜𝑤𝑒𝑟𝑖

𝑖

(55) 

Using the hour-by-hour price data and the demand values output by the algorithm, the 

value of storage over this eight-day timespan can be calculated. Deregulated markets work in 

day-ahead hourly pricing, which is also the analyzed data. Actual credits are dispensed in 

ERCOT in 15-minute increments, however since the algorithm must dictate the demand ahead of 
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time, the hourly data is appropriate. Using the hourly data, a flat power output at nominal power 

would net this NuScale-sized system around $2,863,400 over the eight days, which prorated over 

a year would become about $130,424,000. By utilizing the TES, these values increase to 

$2,946,300 and $134,423,000 respectively, for around a 2.89% increase in revenue. The daily 

information is presented in Table 10. 

Table 10. Value of flat-production from NuScale sized system and flexible operation using TES 

Date Flat-Power 

Value of 

Production 

Flexible Value of 

Production 

Value Gained by 

Using TES 

% Value Gained 

Using TES 

Oct. 17th $ 368,390 $ 387,660 $        27,530 5.23% 

Oct. 18th $ 473,010 $ 503,540 $        31,300 6.45% 

Oct. 19th $ 311,110 $ 315,730 $          6,390 1.49% 

Oct. 20th $ 344,890 $ 347,470 $          3,350 0.75% 

Oct. 21st $ 410,860 $ 427,510 $        16,860 4.05% 

Oct 22nd $ 347,960 $ 357,300 $          8,420 2.68% 

Oct 23rd $ 330,730 $ 330,730 $                0 0.00% 

Oct 24th $ 276,440 $ 276,340 $           -100 -0.03% 

Net:  $ 2,863,400   $ 2,946,300   $        88,880  2.89% 

 

An extrapolated annual gain of approximately $3,780,000 over a 40-year plant life gives 

an internal rate of return for this project of 3.25%-27.0% based on the capital costs presented in 

Table 6, while a 50-year plant would have an internal rate of return between 2.80%-27.0% based 

on those costs.   

Likely the most intriguing result of Table 10 is the negative projected value of using the 

TES on day 7. This arises from a correction made after the use of the pricing algorithm: the ramp 

rate of the reactor. Both charging and discharging use 10-minute ramps to change power rates. 

These ramps were split evenly between the two hours that they affect. A correction should be 

added to the pricing algorithm in the future by altering its capabilities to allow for the calculation 

of the specific initiation and completion times. Using the full IES model, the projected results 

above can be compared with simulation results to observe their agreement. The overall control 
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strategy is designed to maintain a constant reactor power while also matching electrical demand 

as closely as possible. Figure 34, Figure 35, and Figure 36 show the input price and demand data, 

the actual calculated electric power vs. demand, and a closer snapshot of when power and 

demand diverged. Overall, the simulation controls allow the turbine output to be well-controlled 

in such a way that demand is always identically or at least closely met. The ability of the system 

to meet demand is a function of the control algorithms, and any overshoots or undershoots 

through the simulation may be able to be mitigated in the future by tuning the control parameters 

to the established system.  

 

Figure 34. Simulation price ($/MWh) and demand (MW) over 8-day simulation 

 

Figure 35. Simulation power (MW) and demand (MW) over 8-day simulation 
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Figure 36. Electric power and demand during the beginning of a charging timeframe 

Despite the observed miss between the demand and the actual power output during the 

time at the end of the ramp-down, the overall energy deposition was met with 99.89% power 

produced against demand.  Table 11 presents the simulation results against both the full-time 

nominal power expected results and the predicted results. The agreement between the values 

presents confidence in the model capabilities.  

Table 11. Actual simulated monetary value of electricity against nominal income 

Day: Actual: Nominal: Predicted: 

% Gain vs. 

Nominal: 

Expected 

% Gain: 

1 $381,200 $368,300 $ 387,700 3.50% 5.23% 

2 $503,100 $473,100 $ 503,000 6.34% 6.45% 

3 $316,100 $311,300 $ 315,700 1.57% 1.49% 

4 $346,900 $344,800 $ 347,500 0.60% 0.75% 

5 $427,000 $410,200 $ 427,500 4.10% 4.05% 

6 $357,100 $347,900 $ 357,300 2.62% 2.68% 

7 $331,000 $330,900 $ 330,700 0.01% 0.00% 

8 $276,300 $276,500 $ 276,300 -0.06% -0.03% 

Total: $2,939,000 $2,863,100 $ 2,946,300 2.641% 2.89% 

 

The simulation results are slightly less favorable to building the system, with a smaller 

amount of money made than projected in Table 10 during the pre-simulation analysis. The 

difference may be due to electricity overshoot and undershoot observed in Figure 35. 
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It should be noted that the above monetary values represent the overall monetary gains in 

a system that was assumed to start at 0% TES charge. The system ends with an actual TES 

charge of around 30 MWh, indicating that the revenue increase of $75,900 (difference between 

total actual and nominal values) also includes thermal potential that could be used by the pricing 

algorithm later (this is an input on each day). The simulation results lower the expected IRR 

range to 2.684%-24.64% for a 40-year timeline and 3.296%-24.65% for a 50-year timeline. As 

noted previously, the large range in production costs creates a significant projected range in IRR 

values, from non-favorable to highly-favorable.  

The TES behavior during system operation meeting the demand profile from the 

economic algorithm must be evaluated again under what is considered as a more realistic 

operational paradigm.  

The nuclear reactor power can be kept near nominal power during all phases of operation: 

nominal, charging, discharging, and during the transition between those phases. The ability to 

maintain reactor power at a near constant level indicates that the flexible electric operation of the 

nuclear plant does not indicate that the reactor core will have unexpected and unsafe changes in 

power. The consistent power level is seen in Figure 37. 

 

Figure 37. Reactor power vs. time for first 2 days of economic analysis study 

 Figure 37 shows that the power level is consistently controlled with two small 

aberrations observed at about 0.4 days and 1.2 days. These aberrations occur due to controller 

chatter causing an improper opening of the TBV, which could be avoided with additional 

controller tuning. Figure 35 and Figure 36 showed that the electrical demand was well-met 

throughout the simulation. This information does not detail how the TES operated to match the 
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electric demand while the control systems could maintain reactor power. The amount of energy 

deposited or removed from the TES was tracked by calculating the sum of the heat transfer from 

the fluid pipe nodes. Figure 38 shows the total TES energy content relative to the initial state. 

One constraint of the economic algorithm was that the stored energy should always be greater 

than 0. While the energy content is generally greater than 0, two portions of the data in Figure 38 

should be noted. First, the value for energy stored is defined to be 0 at the beginning of the 

simulation. As the initial TES state approaches equal temperatures between the HTF and 

concrete at the surface, a new effective 0 energy is established, observed to be about -75 MWh at 

about 0.2 hours. Thus, the actual storage values in the remainder of the plot should be considered 

around 75 MWh higher than the presented value due to not taking into account the initial 

concrete-fluid heat exchange. Secondly, there may be a potential difference in the RTE between 

the actual system established here and the input in the economic algorithm. This can be seen in 

the lowest point just before the end of the 3rd simulation day, where the TES is discharging (and 

thus proving that its energy stored is >0) but the net TES energy transfer is negative (indicating 

that the energy stored should be <0).  

 

Figure 38. Energy content (MWh) in TES relative to initial 

Figure 39 demonstrates that in a real system the average concrete temperature can be 

used as a surrogate for the energy stored, as Figure 38 and Figure 39 appear to be scaled 

transformations of each other.  
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Figure 39. Average concrete temperature 

 

The process of meeting the electrical demand is best observed through the low-pressure 

turbine inlet mass flow rate. The low-pressure turbine is the reintegration point of the discharge 

mass flow used to increase the turbine output. In a single location, it shows the mass flow 

decreases that occur when steam is bypassed to the TES for charging and shows the increase in 

mass flow that occurs during discharging. A scaled demand curve is added for reference in 

Figure 40. Figure 41 presents the TES charging and discharging mass flow rates.  

 

Figure 40. Low pressure turbine inlet mass flow rate (kg/s) with scaled demand 
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Figure 41. Discharging and charging mass flow rates 

The axial center node radial temperature profile in Figure 42 shows the large difference 

in concrete temperature behavior when comparing the surface and centerline temperature trends. 

The surface temperature has major changes throughout the simulation while the centerline 

temperature does not have much change at all. The temperature gradient reverses direction 

during charging and discharging. At the present TES size, the overall temperature does not 

greatly change.  

 

Figure 42. Center axial node radial temperature profile 

The TES so far does not appear to be cycling through a large temperature range. This 

may indicate that the TES could be sized smaller and still meet all the requirements of this 

system. To truly evaluate whether the TES is properly sized, a measure of how “full” the thermal 
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battery became should be estimated. Unfortunately, the process for calculating this “fullness” is 

not as straightforward as it could be in another system such as a two-tank sensible heat system 

(where you could measure tank level). Based on the temperature profiles seen above, it does not 

appear that measuring temperature would sufficiently indicate the measure of charge as the 

discharging HTF enters at around 110°C and charging HTF enters at around 234°C. The change 

in average temperature was less than 6% of the theoretical maximum temperature difference 

across the entire 8-day simulation. Figure 43 also indicates that the system does not appear to 

have a sufficient delineation between the operating modes to establish a measure of charge using 

these temperatures. Measuring charge with these temperatures would require a reference 0% 

charge temperature and reference 100% charge temperature, and there are not obvious 

temperatures to select for those values.    

 

Figure 43. Centerline hot end and cold end temperatures 

Instead, a measure of charge and discharge could be proposed in this system using the 

fluid exit conditions during each mode. One method of measuring the amount of TES could be to 

measure how close the exit enthalpy is to the saturated liquid enthalpy value. This value is 

chosen so that only a single-phase fluid is available for use as the condensate for any application. 

Figure 44 shows the two values used in the calculation of this measure of “charge” and Figure 45 

presents the resultant charging fraction from Equation 56.  

𝐶ℎ𝑎𝑟𝑔𝑒𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 1 −
ℎ𝑓 − ℎ𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑒

ℎ𝑓

(56) 
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Figure 44. Condensate enthalpy compared to saturated liquid enthalpy 

 

 
Figure 45. TES charging fraction as a measure of enthalpy approach to saturated liquid. 

The maximum value is around 94% on day 5, but the 84% value on day 1 appears to be a 

better indication for the system size (the enthalpy curve on day 5 has the reverse behavior of 

other days) during the 8-day simulation. Unfortunately, this measure of charge would only 

inform the system’s capability of accepting heat, not its present ability to reject heat to the 

discharging side. One could attempt to do a similar analysis using the discharging temperature 

observed in Figure 46, however there is no clear reference temperature that would indicate a 

“full” charge, only that the discharge temperature reaching the saturation temperature would 

indicate a fully discharged system. 



   

82 

 

 

Figure 46. Discharge actual and saturation temperatures 

The results of this section indicate that it may be difficult to generally define a measure of 

“charge” in a thermal battery in the same way as a two-tank sensible heat system or as in an 

electric battery. The results of this specific deployment scenario, by design, do not allow the TES 

to reach a fully discharged state in which the T-DCV closes due to a non-superheat condition in 

the discharge stream. Chapter 5 will discuss whether any design criteria can be gleaned from the 

results. Altering the design parameters may be able to inform the economic evaluation of the 

system and possible improvements to increase the economic worth of this IES. 

There are two additional sources of economic value that are not included in this study. 

The first is the value of the charging condensate being dumped into the condenser. Figure 47 

shows the temperature range of the condensate: between 140°C-217°C. When there was 

condensate to appropriately measure, electrical demand was most commonly 53.5 MW during 

nominal power or 29.425 MW during charging conditions. Multiple nearly horizontal transition 

lines are observed on Figure 47, indicating that the transition into and out of the charging mode 

does not always occur within identical circumstances. The vertical lines at the two endpoints 

indicate that the condensate temperature increased during charging operation, consistent with 

Figure 44. Table 8 presented the result that the final feedwater temperature decreased to around 

123°C during the test case. This fluid could be redirected to the feedwater system to offset the 

loss (nominal temperature is about 136°C). This energy could also be used for chilled water 

storage or even discharge pre-heating. Another application could be district heating, and yet 

another could be process heat. There are a number of applications so far unexplored for this 
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excess heat that is above atmospheric boiling temperature and is still at a relatively high pressure 

~2.5 bar. Thus, the full economic potential of the system should be higher than this analysis 

indicates. 

   

Figure 47. Condensate temperatures during charging 

The second economic value that is not analyzed here is participation in reserves and 

capacity markets. In these markets, power producers can make money for the ability to create 

additional power on short notice. When the TES is charged, then the nuclear plant may be able to 

participate in this market even while operating at full power.  
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Chapter 5 DISCUSSION AND CONCLUSION 

5.1 Discussion of Results 

In Sections 5.1.1 to 5.1.5, key results from the corresponding section in Chapter 4 are 

discussed. The merits of this research include a structure for future IES engineering design in the 

form of a PIRT. A Figure of Merit study based on the PIRT identified LWR-integrable 

successfully tiered thermal energy storage technologies for the JUMP program. The modeling 

research has developed multiple new components usable in reconfigurable model frameworks for 

detailed analysis. A component sizing study indicated the preferred characteristics for the 

specific configuration based on a surrogate economic model. The economic model showed an 

increase of income using the storage by 2.641% per average cycle and good agreement with the 

algorithm-generated demand profile.  

5.1.1 Phenomenon Identification and Ranking Table 

The goal of creating an Integrated Energy System and Energy Storage Phenomenon 

Identification and Ranking Table was to create the framework for a relevant Figure of Merit 

study as well as begin to establish the basis for future IES studies. The PIRT established 

provided a framework for identifying the most appropriate TES for the JUMP program. By 

beginning to set standards for IES overall, this research should be able to help engineers move 

forward in creating more integrated grid configurations that contain storage of any type. The 

applications expand into any integrated grid size, from micro-grids to large interconnect-sized 

problems. Storage is increasingly being looked at for its ability to mitigate much of the 

uncertainty and variability that exists in all grid sizes. Structuring the conversation for an 

advancing and modernizing electrical grid is key for future planning. Global electricity 

dependence is key for modern standard-of-living and many conveniences.  

The first application of the PIRT developed in this research is discussed in 5.1.2. As a 

successful first application, it shows promise that this set of questions could guide future 

engineers in IES deployments in their design process. 

5.1.2 Joint Use Modular Plant Figure of Merit Study 

The Figure of Merit study based on the Joint Use Modular Plant program showed clear 

and justified technology preferences for near-term thermal energy storage deployment. Concrete, 

steam accumulators, and liquid sensible heat storages scored highest in the FOM study Table 4, 
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detailed more fully in Table 15. The JUMP program had near-term goals, with a timeline ending 

in 2027 or 2028, but that year is also far enough in the future that mostly-developed technologies 

(TRL of 4-6) can also be considered. Therefore, let the winning technology scores be 

reconsidered without their TRL score: concrete is 15, two-tank SHS is 14, and steam 

accumulators are 13. Concrete has the highest overall score but does need deployment 

experience to increase the TRL. With regard to selecting a technology to research for this 

project, technical research projects do not occur in a vacuum. This research was done as a part of 

the hybrid energy systems modeling team at INL within the JUMP and IES programs, and the 

models developed during this research will contribute to a library of subsystem models. Of the 

considered technologies, concrete thermal energy storage appears to be the most promising 

storage match that also needs more detailed investigation within the IES program. 

As some of the other technological options mature, it is possible that they become even 

more appropriately matched for LWR TES than concrete, molten salts, thermal oils, or steam 

accumulators. Phase change materials have been under investigation for many years. PCM 

researchers believe that appropriate geometries and materials will solve the current technological 

issues that may allow economically advantageous grid-scale storage at LWR temperatures. There 

are theories that various PCMs that melt and solidify at a cascade of temperatures will be used in 

series in real-world storage configurations. A key future advantage of PCMs could be an inherent 

constant-temperature process on both the charging and discharging ends. Thermochemicals may 

also be able to produce relatively constant temperature charging and discharging streams once 

their cyclability and material selections are corrected.  

The FOM results overall were successful delineating technologies aimed at a single 

application. As technologies progress or project requirements change, different FOM weights 

may identify different technologies as the best fit, even for LWR integrated systems.  

5.1.3 IES Modeling  

The models developed and presented here should be usable not only for nuclear IES, but 

for many other thermodynamic applications. Moisture separators, NTU HXs, updated low-

pressure heat transfer correlation implementations, concrete thermal energy storage, stage-by-

stage turbine building, and turbine taps can be applied to models outside of nuclear IES. The 

demonstration of these components individually and in a coherent system is a key success of this 
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research. The results presented in Section 4.3 show the success of these components. The results 

align with anticipated trends and the conceptual understanding of the various components.  

The goal of each component’s fidelity level was to obtain as much detail as needed for 

design while maintaining modeling speed. The NTU HXs showed good agreement with the inlet 

and outlet conditions in the reference materials without using the extensive node-by-node 

calculation typically required in heat exchanger models. Those node-by-node calculations 

require agreement between the fluid conditions, complicated heat transfer correlations, and 

material conditions at every location within the heat exchanger. By using NTU HXs, the 

computational requirements were significantly decreased but the key required details were still 

calculated and maintained through the simulation. Conversely, relatively simple turbine models 

exist but typically go from inlet to outlet using some form of boundary conditions or turbine 

curve. These models do not allow for the opportunity to tap the turbine flow at middle stages, 

which is key for understanding the dynamic behavior of the highly complex fluid network of a 

nuclear secondary side.  

These models will be added to existing libraries to enhance the flexibility of system 

modelers to build custom systems quickly and accurately. By adding models of varying fidelity 

levels, engineers will be able to implement models specific to their fidelity needs in time-

dependent dynamic systems.  

The models also allow the observation of new phenomenon that, while explainable, were 

not previously accessible to less detailed secondary side models that did not have physics-based 

turbine modeling and interconnection. The interplay between the moisture separator function and 

the TES discharge mass flow rate as seen in Figure 14 is one example. Additionally, Figure 18 

demonstrates the complex interactions that altering the flow through the turbine via charging and 

discharging has on the feed flow network in a manner that was previously only available via flow 

assumptions. Because the flow paths are fully developed and described, more details can be 

viewed than in previous modeling attempts and the system more closely resembles any real-life 

system that engineers would produce. Further, the additional detail can inform design decisions 

in unexpected ways. In the author’s experience, for instance, introducing the TES discharge flow 

into the main shell-side flow on the HPFWH can lead to backflow in the turbine taps due to an 

over-pressurization phenomenon as a result of introducing more mass flow than the design can 

accommodate. While there certainly are solutions for this new problem such as check valves, a 



   

87 

 

key contribution of this work is that this problem is recognized and observed due to the new 

detailed models presented. Nuclear reactors are incredibly complex machines with many safety 

concerns that are impacted by feedback mechanisms. By increasing modeling detail, this work 

can increase the ability to project feedback within this modeling framework.  

5.1.4 IES Sizing Sensitivity Study 

The basic IES of this research matched the NuScale certification documents closely. A 

sizing study was done via a sensitivity analysis that focused on the round-trip efficiency of the 

system and the nominal feedwater temperature. The RTE efficiency was selected as a key criteria 

due to its direct impact on the economic evaluation of the system. To investigate RTE, TES 

design values were sampled and perturbed to determine their impact. NTU values were also 

sampled due to the importance of the feedwater temperature impact on a natural-circulation 

LWR system. The maximum average concrete temperature was tracked not as a key result from a 

design standpoint, as no material constraints were expected to be approached, but instead as a 

variable to help understand the mechanics of what occurred.  

The feedwater temperature, as expected, decreased with lower NTU values in the 

feedwater heaters. Each of the feedwater heaters generally exhibits flat behavior with high NTU 

values, tapering off in a nearly logarithmic shape as the NTU lowers. Given that the NTU 

equation is a negative exponential, this behavior is anticipated, and it is encouraging to see the 

results reflect the expectations.  

The concrete TES RTE showed positive correlations with both the number of pipes built 

into the concrete and the increasing length of those pipes. No correlation was observed regarding 

the concrete thickness or the cross-sectional depth. Increasing the number of pipes in the system 

decreases the flow rate in each individual pipe when the overall flow rate remains constant. The 

results indicate that lower flow rates, which would cause the water to be heated for a longer 

period of time, increases the ability of the concrete system to boil the discharging fluid. The two 

counter-acting forces at work during this process are the heat transfer correlation, which typically 

has a factor of Ren where n<1, and the time spent within the pipes, which is directly proportional 

to Re. Thus, if the time spent within the pipes increases, that should lead to a higher energy 

content at the discharging outlet. As long as turbulence is maintained, this should hold true. The 

lengthening of the pipes has a similar effect in that there is more time for heat to be deposited in 

the discharging fluid and thus the discharging fluid can remove more heat from the system. This 
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results in the negative correlation observed between the RTE and the maximum average concrete 

temperature, as the system with longer pipes has more concrete and thus will have a lower 

temperature with an identical amount of heat deposited.  

Building a larger system is in direct conflict with lower capital costs when designing a 

system. The RTE cannot increase indefinitely for a given demand profile, and in specific 

applications this peak should be found economically. The maximum observed RTE from this 

data was 0.76, with most of the upper data points in the 0.65 range. As the system is removing 

heat upstream of the high-pressure turbine and reinserting it downstream of the intermediate 

pressure turbine, achieving this high of a round trip efficiency is a bit surprising. This 

encouraging result shows that price swings should not need to be severe for the TES to be usable.  

5.1.5 Economic Results 

Including storage in an IES with 22% wind penetration and 2% solar penetration over a 

week of data in Texas produced a 2.64% increase in revenue over that timeframe. Using that data 

as a basis, an internal rate of return can be estimated in conjunction with the capital costs of the 

storage. At the highest capital cost estimates, the internal return rate is below 5%, but it can rise 

to over 24% if the capital cost is at the lower range of the anticipated cost range. These results 

are promising and indicate that in electrical grids that experience price variability, a system with 

storage will be able to increase revenue by taking advantage of price peaks in large grid systems. 

Further analysis must be done in systems where producing electricity from storage will have an 

impact on the electrical price. The magnitude of the revenue increase from storage is highly 

dependent on the pricing variability, either the price of selling electricity in a deregulated 

electricity market or the price of producing electricity in a regulated market, and highly 

dependent on the round trip efficiency of the system. Revenue can only be increased when the 

price peak multiplied by the RTE is greater than the trough price. Increasing the number of 

economic revenue and cost streams creates an increasingly complex situation regarding the flow 

of energy through the system. The currently modeled system is contained to storage, a nuclear 

component, and the grid. 

The results also indicate that the TES for this system is oversized. A perfectly sized 

system for this demand profile would have an instance during which the T-DCV would begin to 

close as the demand for discharge ended during the system’s most restrictive point. Figure 46 

showed the typical behavior during discharge, indicating that the system was sized too large for 
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this application. Further, the concrete thickness, or pipe spacing, is likely too large as the 

centerline temperatures did not change much even after significant charging and discharging 

events such as during the first two days. This research shows the capability to inform TES 

technology design decisions based on system-wide events.  

The economic algorithm values were confirmed by the simulation model of the overall 

system. This result is a novel confirmation that IES including storage is economical within a 

simulation framework that details the thermal-to-electrical conversion process and thermal 

storage process. At an average 2.64% revenue gain, TES appears economical for the given data 

range. As the electrical grid and the power production profiles in specific deployment arenas 

develops, the economic evaluation should be re-done.  

This research demonstrates that an IES containing a SMR and TES can successfully meet 

a demand profile determined purely by an economic optimization. The system met a flexible IES 

demand profile without incurring significant changes in the thermal power produced by the 

reactor. The application shown here was made based on a de-regulated electricity market where 

power producers bid to sell electricity. The results are considered valid in both de-regulated and 

regulated markets as a utility operator in a regulated market would use effectively the same 

economic algorithm by exchanging electrical production costs in for electrical sale prices. This 

novel physical modeling simulation demonstrates that TES can be used in IES to improve 

economic performance and meet a demand profile solely based on economics. 

5.2 Research Conclusions 

Concrete TES should be a viable system economically allowing LWRs to produce 

electricity flexibly while the nuclear reactor core operates at nearly steady-state conditions. As 

these systems become more regularly produced for grid-scale applications, the uncertainty in the 

price projections should decrease and the engineering confidence in IES design should increase. 

Included in this research were decision-making frameworks to aid in these future design 

processes and an example of how the framework can be applied.  

By building physics-based models of many components in a tightly coupled system, this 

research shows the complexity with which Modelica models can be used to reliable show the 

thermodynamic validity of future thermal integration applications. Expanding the use of these 

models in an open-source library environment will increase access, potentially allowing them to 

contribute to many engineers across various disciplines. These models give new insights into the 
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specific physical interactions that occur within the turbine-generator-feedwater system, allowing 

for more detailed future research, design, and deployment work.  

Including storage in the electrical grid, especially nuclear-generated thermal storage, is 

one viable solution to help worldwide carbon emissions decrease by decreasing electrical grid, 

and in the future industrial processes, dependence on fossil fuels to make up for necessary energy 

unable to be provided by wind, solar, and hydro-sources. The cyclability and flexibility of 

storage to charge and discharge frequently can help traditionally baseload energy sources support 

clean but intermittent energy sources both domestically and internationally. A framework for a 

standard IES with storage design technology selection process is presented and successfully used 

in this research. This first iteration establishes a design standard framework which should 

facilitate storage deployment.   

This research confirms yet another demand curve type that can be met by nuclear power 

integrated with thermal energy storage. Previous research had shown that meeting scaled grid 

demand is possible using liquid sensible heat storage. This research shows that given a 

sufficiently large grid (one where the reactor power change does not affect grid price), TES can 

allow a nuclear reactor to increase its economic output by generating electricity flexibly while 

operating at a steady reactor output thermally.  

5.3 Future Research 

There are still many elements of this research that can be expanded upon. Because 

storage deployment is site-specific, there are nearly limitless case studies that could be done for 

specific engineering applications. Only one has been investigated here as the baseline for future 

applications.  

On the modeling front, there are three key items for future research, some already 

ongoing. First, a higher-fidelity concrete model should be developed that reduces the 

assumptions made here. It should be more tightly coupled to any actual concrete design proposed 

by the designing company. Second, a tighter integration of the TES charging condensate is 

appropriate. Through the implementation of a fourth intermittent feedwater heater, the 

condensate energy can be used even further than just charging the thermal energy storage 

component. Third, integration of this enhanced stage-by-stage turbine power conversion system 

with other thermal or electrical industrial processes in more complex integrated energy systems 

should be done. This has been done with bulk turbine models. 
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The nuclear industry continues to research options for expansion, including new reactor 

technologies. The research presented here focuses on integration of concrete TES with an LWR. 

As new reactor technologies become fully mature, specific storage technologies should be 

revisited. The future structure of those evaluations is presented in the PIRT-FOM combined 

study, and that basis will be applicable to select new integration technologies as new reactor 

types are deployed.  

There was no TES sizing optimization done under the specified electrical demand profile 

investigated in this research. The TES models developed here should be used in system 

optimization within actual deployment studies. A RAVEN-Dymola interface for instance can be 

used to analyze and optimize system parameters (such as TES sizing, controller gains, other 

physical values) based on economic values, energy distribution if other users are involved, or 

another user-specified criteria.  

Understanding our ability to combine already understood subsystems into larger systems 

that we do not yet have experience with has always been the path for technological improvement. 

This research represents another stepping stone in our ability to understand those subsystems 

when interconnected, and the preliminary results show that the larger systems, IES with TES, are 

economically and environmentally viable.  
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A.1 Thermal Energy Storage Technologies 

A.1.1 Underground Thermal Energy Storage 

Underground thermal energy storage (UTES) includes two different technologies: aquifer 

and borehole storage. Both technologies store energy directly as heat, but the storage medium is 

different. Experience with both technologies has been in seasonal heat storage.  

Aquifer energy storage uses separate cold and warm water wells. During summer and 

winter months, water is moved from one well to the other and used for heating or cooling. In the 

summer, water is moved from the cold store to the hot store after it is used for cooling. In the 

winter, water is used for heating and subsequently moved to the cold well [22]. This practice is 

common in some European countries such as the Netherlands and the Scandinavian countries. 

Geographic requirements are the biggest inhibitors against installing aquifer energy storage. 

European aquifers are built into beds of sand, chalk, or sand/gravel areas [24]. Aquifers are used 

for seasonal building heating and cooling at reduced cost as compared against on-demand HVAC 

mechanisms.   

Borehole storage involves creating thermal loops for the working fluid. The hot charging 

fluid transfers heat to the underground rock, sand, and soil via long piping systems dug into the 

ground. These boreholes allow for the heat to be transferred from the working fluid into the 

surrounding ground [25]. A cool working fluid is sent through the piping systems in the storage 

area to discharge the heat. Borehole storage is used in locations incapable of supporting aquifers 

[26].  

UTES is a fully developed technology used to mediate building temperatures by 

seasonally storing cold and warm thermal masses. Thus far, there are no UTES charging methods 

that involve media other than liquid water. Any interface with steam produced by nuclear 

generated heat would require new heat exchange methods. Additionally, current experience does 

not indicate that high storage temperatures would be possible.   

A.1.2 Hot and Cold Water Storage 

Hot and cold water storage, or chilled water storage, is a common thermal energy storage 

method in locations with peak demands on heating and cooling systems. The process involves 

storing chilled or heated water in a thermocline tank or in multiple tanks during low electricity 

price and demand periods in order to provide cooling or heating during periods of high prices 

and demands. This is commonly done for HVAC systems at large office buildings, campuses, or 
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district networks. Many traditional systems use electric chillers, and there has been research 

regarding how absorption chillers could be thermally integrated with SMR technology [27]. One 

integration is shown in Figure 48, which illustrates how the condensate from the steam bypass in 

a TES can be used by an absorption chiller [28]. 

 

Figure 48. Absorption chiller and SMR integration from [37] 

This integration technique with a nuclear reactor would allow for obtaining use out of 

heat that might otherwise be wasted. Chillers can use low pressure steam to produce chilled 

water that can be stored for later use [94]. A non-nuclear powered large hot and cold-water 

storage project was recently completed at Stanford University, and their representative diagram 

is shown in Figure 49.  

 

Figure 49. Adapted representation of large-scale hot and cold water storage from [37] 

Because water has such a large density change with temperature, coupled with a 

relatively low thermal conductivity, it is possible to have a single thermocline tank with the hot 

water at the top of the storage tank and the cold water at the bottom. A thin, high gradient, 
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thermocline layer is established between the hot and cold storage sections. Possible temperatures 

in these water storage tanks are heavily pressure dependent, and it has not been economical to 

increase the potential hot water temperatures. Using increased pressures will be covered in the 

later section on steam accumulators, as hot and cold water, or chilled water, storage is 

colloquially associated with HVAC-type applications. The largest chilled water storage project in 

the DOE Global Energy Storage Database is a 1 GWh facility in Jacksboro Texas that is used to 

cool inlet air for a gas turbine [94] [95].   

A.1.3 Geothermal Storage 

Geothermal energy storage involves hybridizing underground thermal energy storage 

techniques with geothermal power plant concepts. Initial research into this storage method 

involves designing a checkerboard-like configuration seen in Figure 50 for hot and cold wells at 

deep locations (around 4,000 ft.) [29]. Hot wells accept heated, pressurized water during storage 

charging times, and after discharging the water it is returned to cold wells.  

 

Figure 50. Design diagram of hot and cold well placement from [37] 

This project initially investigated interconnections with a parabolic solar trough plant, 

capable of heating water to an appropriate 250°C (480°F) temperature, which requires a 

minimum storage pressure of 4 MPa (580 psia). This pressure is needed to maintain liquid water 

in the system. A LWR would also be able to operate in conjunction with this system, as 

secondary steam pressures are around 3.5 MPa [29]. Other research has been done supporting 

solar heat systems integrated with geothermal technologies, investigating how solar preheating 

can be integrated with existing geothermal plants [30].  

Ambient pressure increases with rock depth. In order to ensure that coolant injection does 

not fracture the surrounding sediment, injection pressures need to be lower than the rock 

pressures as seen in Figure 51. Figure 52 shows a cross section design of how the hot and cold 

wells would operate in sedimentary formations.  
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Figure 51. Injection pressure vs rock depth from [37] 

 

Figure 52. Geothermal energy storage potential design, adjusted from [37] 

Overall, geologic thermal energy storage is a new technology based in some of the 

concepts that govern geothermal energy. The mechanisms for storage are similar to aquifer or 

borehole thermal energy storage, but by storing at large depths, the resulting hydrostatic pressure 

allows for high temperature storage. 

A.1.4 Solid Media Storage 

Solid media storage is a form of sensible heat storage using a solid structure. The heat is 

directly stored via temperature increase in the structure. A significant design issue that must be 

addressed in solid media is the material stress added via thermal expansion and contraction. Two 

forms of solid media storage investigated in this report. The first is firebrick thermal energy 

storage, which uses electrical resistance heating to obtain very high temperatures. The second 

form of solid media storage is concrete thermal storage. Concrete will be used as a representation 

of thermally integrated solid material storage.  
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A.1.4.1 Firebrick  

Firebrick thermal energy storage uses electrical energy at low prices to resistively heat a 

ceramic material that later discharges heated air at high temperatures. The high temperatures 

necessitate that the material is some form of ceramic such as Al2O3, MgO, or SiC [31]. The 

firebrick is designed to be heated to 1000-1700°C for gas applications at high temperatures. 

Applications could include providing peak heating to nuclear reactors, although temperature 

limitations in heat exchangers may force this technology to have to wait for gas reactors [32]. 

The technology is based on regenerative Cowper stoves and brick stacks, which are used to 

recover large amounts of gas heat in other industrial applications. Storage capacity is 

approximately 0.5-1.0 kWh/m3-K [32]. Due to power and energy interdependency in solid media 

storage systems, firebrick needs to be sized no smaller than 3x the power capacity needed from 

the application (Figure 53) [33]. Additionally, heat losses are estimated at around 3%/day with 

insulation [33]. Continued research into this technology is needed, especially with regards to 

avoiding thermal shock in high power firebrick systems [31]. The material choices presented 

exhibit maximum temperature gradients that are approached or exceeded by current proposed 

designs, especially at the cooling flow inlet where the discharge air is the coldest. Existing 

firebrick systems have peaked at 10 MWh, and there have not yet been any builds of larger 

systems [31].  

 

Figure 53. Group of results of FIRES simulations. Outlet temperature, gas sweep fan 

power, discharge power, and various system temperatures [37] 
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A.1.4.2 Concrete  

Concrete thermal energy storage is at near-deployment stage of development.  

EnergyNest a company that has publicly developed a solid media thermal energy storage module 

based on a proprietary advanced concrete material HEATCRETE®. The first commercially 

deployed EnergyNest module has been compared against computational models and observed 

while connected at the Masdar Institute of Science & Technology Solar Platform [34]. 

Dowtherm-A heat transfer fluid was used to move heat between electric heaters and the concrete 

storage. The EnergyNest design uses HTF flowing through U-tube steel pipes into the 

HEATCRETE® to deposit or withdraw heat. The overall design of the full storage module is to 

stack individual “thermal batteries” and interconnect them for charging and discharging 

purposes. A cross-section of one of these “batteries” is shown in Figure 54. EnergyNest indicates 

that the storage life of this system will exceed 30 years, and more likely 50 years [35]. 

HEATCRETE® was designed specifically to maintain concrete’s structural advantages 

while improving some of its thermal disadvantages. By increasing the thermal conductivity and 

the heat capacity, HEATCRETE® maintains a higher energy storage density (43.3 kWh/m3, 

approximately 0.7 kWh/m3-K, including piping) than standard concrete (0.6 kWh/m3-K [39]). 

Additionally, the material has a thermal expansion coefficient that is nearly identical to steel, 

allowing the entire system to expand or contract without adding internal stress or losing heat 

transfer capability. A cross section of HEATCRETE® is shown in Figure 54. 

 

Figure 54. Cross section cut of HEATCRETE® material, reported in [37] 

EnergyNest believes that their thermal battery system could cost as low as 25 $/kWh 

depending on how expensive it is to source the construction materials [35]. Thus far, the storage 
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has been modeled successfully, with the only differences between predicted and actual results 

being tied to the heat transfer fluid source temperature rather than from any systematic modeling 

error [34]. The system is touted to store up to 450°C without material degradation, which is seen 

at higher temperatures, indicating that HEATCRETE® systems should integrate well to store 

LWR technology. EnergyNest thermal battery configuration is shown in Figure 55.  

 

Figure 55. Buildup of EnergyNest thermal battery [37] 

Previous concrete storage research was done in Germany beginning in May, 2008 [39]. 

Results include material impacts, charging and discharging details, specific heat, and cycling 

data. After water evaporation during the first few cycles, material properties stayed consistent so 

long as the temperatures stayed below 500°C. A major design concern is the storage efficiency, 

or the amount of heat recovered as a fraction of heat deposited. 1518 kWht were delivered during 

a 37-hour charging period, while only 950 kWht were removed [39]. No explanation was 

included regarding this decrease in discharge vs. charge, but the behavior is likely similar to that 

of firebrick in Figure 53. Their concrete piping structure is seen in Figure 56. 

 

Figure 56. Concrete design in study [37] 

The temperature is restricted to lower than 450°C due to the material constraints of 

concrete. Unfortunately, there are questions of the ability of concrete to discharge similar 

amounts of energy as charged. Concrete could be a very cheap TES method due to the simplicity 
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and cost of its components. Other companies are also investigating concrete thermal energy 

storage, but as of right now do not have publicly available materials to include in this report.  

A.1.5 Phase Change Materials 

Phase change materials store energy in the form of latent heat between two phases: most 

commonly a solid phase heated to a liquid phase. The heat storage capacity and density of phase 

change materials is higher than sensible heat systems due to the latent heat of phase transition. 

Phase change material selection involves careful investigation of thermal, physical, kinetic, and 

chemical properties [40]. 

Thermal considerations include a melting temperature in the desired operating range, 

high phase transition latent heat, high specific heat in each phase, and high thermal conductivity 

of both phases [40]. Desired physical properties include small change in specific volume 

between phases, favorable phase equilibrium, congruent melting, and a high density [40]. 

Kinetically, there should be no supercooling, a high nucleation rate, and an adequate rate of 

crystallization [40]. Finally, chemical considerations focus on the long-term stability of the 

material, completely reversible freezing and melting cycles, safety, and compatibility with other 

construction materials [40] .  

Many materials have been investigated for use as phase change materials. PCMs can be 

solid-gas, solid-liquid, liquid-gas, and solid-solid, with solid-liquid as the most common PCM. 

Melting temperatures for some PCMs can be as low as 0°C [42]. Organic compounds and salt 

hydrates have relatively low transition temperatures between 0-150°C (32-302°F) [40] [42]. 

Many organic compounds have very low thermal conductivities, and require expensive and 

creative geometry designs for heat transfer enhancement [42]. Salt hydrates maintain higher but 

still low thermal conductivities. For higher temperature PCM applications, inorganic compounds 

such as metals, salts, or eutectic salts are used. The melting points of eutectic salt range from 

around 50°C (more commonly 100°C) to 369°C [43] [42]. Eutectic salts tend to have 

crystallization fronts during freezing, and thus may lose some liquid properties at temperatures 

above their melting/freezing point. Other inorganic compounds have melting points at even 

higher temperatures, much out of the range of applicable light water nuclear heat temperatures. 

Phase change materials are still in early research and development stages. Laboratory 

experiments demonstrate different PCM features, but there are few laboratory scale 

demonstrations of entire PCM thermal storage cycles. Each of the main proposed PCMs: 
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organic, salt hydrates, and inorganic compounds have specific challenges that prohibit their 

present use. Organic compounds are based on carbon compounds, and have safety and 

flammability issues along with degradation challenges. Salt hydrates suffer from storage capacity 

reduction over time, and advanced methods for increasing heat transfer in materials such as 

encapsulation requires extensive energy input that increases at rates higher than the storage size 

increase [44] [45]. Other inorganic salts have high specific volume changes, insufficient thermal 

properties data, and exhibit supercooling effects [46]. Additionally, these materials suffer from 

cyclability degradation with respect to hydration or other key properties within just a few heating 

and cooling cycles [47].  

Overall, phase change materials are theoretically well suited for thermal energy storage 

applications at effectively any design temperature. However, there are currently many materials 

issues that have precluded PCMs from attaining any production beyond small experiments.  

A.1.6 Thermochemical Energy Storage 

Thermochemical energy storage involves reversible chemical reactions in which energy 

is stored via an endothermic reaction occurring at a trigger point, to be released by the reverse 

exothermic reaction. A conceptual process diagram is presented in Figure 57. Many chemical 

reactions are temperature dependent for reaction initiation and subsequent reaction rates. There 

exists a significant research base into thermochemical energy storage from the solar energy 

community, as the field seeks to provide an intermediary between solar energy production and 

consumption. Thermochemical storage is mostly being investigated for seasonal storage [49] 

[50] [48]. 

𝐴𝐵 + ℎ𝑒𝑎𝑡 → 𝐴 + 𝐵 at high temperature 

𝐴 + 𝐵 → 𝐴𝐵 + ℎ𝑒𝑎𝑡 at low temperature 
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Figure 57. Conceptual operation of thermochemical operation, from [37] 

Thermochemical storage has the highest energy density capability of any thermal storage 

technology. However, there are significant challenges with regards to the cyclability of reactions 

[51]. While there is ongoing research into molecular level stabilization methods, this specific 

technology is still only at laboratory experiment stage. Reactor design is also difficult, and 

researchers note the need for continued investigation into heat removal from these kinds of 

systems [52]. Material selection is also a significant hurdle in thermochemical storage due to 

multiple stages with separate material needs [48]. Hydrogen production is involved in the goal of 

many different high temperature thermochemical reactions, which may make thermochemicals 

more attractive in the future if their process inherently can aid in H2 production [53]. Research 

thus far has focused on concentrated solar power storage, due to its need for energy storage to 

increase capacity factors. Thermochemicals are still in theoretical design and laboratory 

experiment stages.  

A.1.7 Sensible Heat Storage 

Sensible heat storage is the process of storing heat through a temperature increase in the 

storage medium. The difference between sensible heat storage and solid media storage in this 

paper is the transport of the storage medium that takes place in sensible heat storage. In this 

section, two different system types and two materials will be discussed. The system designs are 

either two tank or thermocline, and material types discussed are restricted to molten salt and 

thermal oil.  
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A.1.7.1 Two Tank 

Two tank sensible heat storage is the most common form of sensible heat storage [54]. 

The process involves two large tanks, each capable of handling the entire storage mass. One tank 

is kept cold, and the other is kept hot. During charging, storage mass is pumped from the cold 

tank, through a heat exchanger, and then stored in the hot tank [55]. During discharge, the 

reverse is done. Figure 58 shows an example potential two-tank design. 

 

Figure 58. Potential design of a two-tank sensible heat peaking unit integrated with a 

SMR [37] 

 

By completely separating the hot and cold storage masses, it is possible to have constant 

temperature discharge of all stored heat [57]. This simple system is currently used in many solar 

systems using molten salt or thermal oils [54]. The largest concern or drawback from this system 

is the capital cost associated with making two tanks large enough to handle the entire required 

storage mass. The cost of building a single thermocline tank system costs around two-thirds of a 

similar two-tank system [57].  

A.1.7.2 Single Tank Thermocline 

Single tank thermocline stores heat storage mass separated by a thin thermocline region. 

Large buoyancy changes and low internal thermal conductivity are very desirable for these 

systems in order to maintain the smallest thermocline region possible. A cheaper filler material is 

used to increase the storage density via higher heat capacity values and to decrease the cost the 

storage system [58]. Internal flow characteristics as well as structural and filler designs have 
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significant impact on the thermocline behavior. Lower thermal salt Reynolds numbers, relatively 

taller tanks, and smaller particle bed sizes lead to improved discharge efficiencies [59]. 

Unfortunately, molten salt thermoclines have a technical limit of 14 m [57]. Figure 59–Figure 62 

show thermocline design, discharge temperature vs. discharge time, discharge efficiency of 

thermocline tanks. Most research available focuses on molten salt storage due to its higher 

temperature capabilities and solar energy applications.   

 

Figure 59. Design of HITEC thermocline from [37] 

 

Figure 60. Dimensionless output temperature during discharge time for two thermocline 

Re numbers and various molten salt flow distances to particle diameter ratios [37] 
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Figure 61. Discharge efficiency vs. dimensionless tank height for various internal Re 

numbers [37] 

 

Figure 62. Energy withdrawal comparison of two-tank vs. thermocline for a molten salt 

[37] 

A.1.7.3 Molten Salt 

Molten salts are liquefied salts characterized by high melting and boiling points, and 

attractive physical properties for heat transfer. Salt must be liquid in order to be pumped.  Unlike 

pure materials, which typically operate as a liquid to the material melting point, salts used in 

storage are eutectic and can exhibit precipitation at liquidus temperatures above their initial 

melting point [43]. Salt choice will be especially important if linked to a LWR system, as the 

liquidus temperature will dictate the minimum temperature while the LWR secondary side steam 

temperature will set the maximum storage temperature. Figure 63 shows how cost is related to 

storage temperature differences [62]. A large temperature difference is desired in order to 

minimize the storage volume. The minimum liquidus temperature salt in 2008 was 52°C, a 
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KNO3-NH4-AgNO3 eutectic that the authors note is prohibitively expensive due to the silver 

nitrate component [43]. Figure 64 shows possible operating temperatures of a variety of salts, 

with the lowest salt melting point in the work a five-component eutectic nitrate-nitrite mixture 

LiNO3-NaNO3-KNO3-NaNO2-KNO2 with a melting point at 74.4°C [55] [60]. There is a 

quaternary Ca-Li-Na-K nitrate mixture with a liquidus point of 95°C, also a reasonably low 

temperature [61].  

 

Figure 63. Relation between capital cost and temperature difference of molten salts [37] 

 

Figure 64. Upper limit and melting points of various salts from [37] 

As seen in Figure 64, the maximum temperature of most salts is around 500°C, after 

which point the salts degrade [62] [61] [60]. Specific salt selections must include a great deal of 

material considerations, only increasing with more salt compounds that make up a eutectic salt. 

One significant advantage to using molten salts as energy storage media is the low pressure and 

inherent safety of the material. Salts solidify when they leak, leading to safer accident conditions.   
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A.1.7.4 Thermal Oil 

Thermal oils are compounds designed to store and move heat effectively at low to 

medium temperature ranges. A common thermal oil, Therminol®66 maintains a stable operation 

range from -3°C to 345°C [63]. Another thermal oil company Duratherm maintains a variety of 

oils capable of operating from low temperatures to 315°C or more [64]. Oil costs are higher than 

salt for the same volume and energy capacity of storage given sufficiently high temperature 

changes. This is due to a higher prices per unit mass and lower densities that higher heat 

capacities do not overcome [65]. Some thermal oil properties are shown in [55]. Additional 

investigation may be needed for lower temperature applications as the possible temperature 

difference for thermal oils may be higher than salts. Thermal oils also have higher environmental 

impact concerns than salts do, affecting their selection [65].  

Table 12. Various heat transfer fluids for potential TES selection from [37]. 

 

In operating concentrated solar power plants that also use TES, it is common that both 

thermal oils and molten salts are used. The oils are used as the heat transfer fluid moving heat 

from the collection tower into the power generation train or to the storage. The storage portion 

then uses molten salt. 

A.1.8 Steam Accumulators 

Steam accumulators are very well understood components of manufacturing systems. 

Accumulators are often used when there is a cyclical requirement for a large steam input where 

using a boiler that could dispatch the needed heat would be overly expensive. An accumulator 

allows for the boiler to operate at lower power outputs, storing energy in the accumulator. 

Accumulators do not primarily store steam, but instead a water-steam mixture that is saturated. 

Spirax Sarco advises that steam accumulators are about 90% liquid by volume when fully 

charged [66].  

Accumulators resemble submarines in their design shape, designed to withstand a large 

spread of operating pressures. The liquid water fills a majority of the control volume, with steam 

pressurizing the vessel at the top. The mixture equilibrates at saturation conditions and is kept 
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that way via the steam charging method. Steam is inserted in the bottom of an accumulator 

directly via nozzles arranged along the bottom [67]. The charging steam is then immediately 

mixed, and the increased energy will increase the system pressure. Figure 65 shows the design of 

a sliding pressure accumulator.  

 

Figure 65. Steam accumulator design as shown in [37] 

Steam accumulators store energy at around 20-30 kWh/m3 via the pressurized and 

saturated water [67]. During discharge, the release valve is opened and the steam evacuates, 

lowering the vessel pressure. As the pressure decreases and thus the saturation temperature, some 

of the liquid flashes to steam and subsequently releases as well. Steam accumulators alone are 

named Ruths-type steam accumulators and have sliding pressure due to this phenomenon [67]. 

Figure 66 shows some of the pressure curves and the density of steam that is discharged. The 

plot shows the pstart curves, showing the pressure rise of the system during discharge.  

 

Figure 66. Density of steam discharged vs pressure at beginning and end [37] 

Steam accumulators serve clear purposes in manufacturing processes, allowing for the 

delayed and potentially sudden release of steam despite constant steam production. The energy 
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density of steam accumulators is reasonably high, and is much higher than simply storing the 

steam itself in the vapor phase. Steam accumulators do face size limitations, as hoop stresses 

begin to limit the vessel size. To integrate as the primary TES medium, steam accumulators 

would need to be connected in parallel to store grid-sized quantities of energy (hundreds of 

MWh). Further, standard steam accumulators have sliding pressure discharge, which may not be 

desirable depending on the system application.  

A.2 Potential Thermal Applications 

Potential thermal applications of heat produced by nuclear reactors and stored in a given 

TES application will dictate the priorities of the TES system. Specific technologies have certain 

inherent advantages and disadvantages with regard to storage density, temperature, loss 

mechanisms, ease of compatibility, technology development, and other criteria. By identifying 

the potential thermal applications desired by the system architect, a method of evaluating TES 

technologies with respect to each of those categories can be developed. Some thermal 

applications researched and detailed for the JUMP program are included in this section.  

A.2.1 High Temperature Steam Electrolysis 

Growing global demand and interest in Hydrogen is increasing. Its use as a clean fuel has 

driven development for hydrogen based fuel cell technology. Hydrogen is also used in oil 

refining and chemical production, and is being investigated for use in natural gas distribution. 

Hydrogen is pursued due to its abundance, high available energy density, and clean (no CO or 

CO2) burning. One H2 production method is high temperature steam electrolysis (HTSE). In this 

process, electricity and high temperature steam chemically split water into hydrogen and oxygen. 

The hydrogen is then captured for future use in power cells to recombine it with oxygen and 

create electricity in a clean manner. Hydrogen fuels are based on the exothermic reaction that 

produces free energy ∆𝑔𝑓, with values presented in [68]:  

𝐻2 +
1

2
𝑂2 → 𝐻2𝑂 + ∆𝑔𝑓  
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Table 13. Free energy released during water production from hydrogen and oxygen, from [37] 

 

Hydrogen fuels present a possible clean fuel to replace carbon-emitting fuels such as 

petroleum and gasoline. Unfortunately, creation of pure hydrogen gas from other materials is a 

highly energy intensive process. As early as 2001, there was an understanding that nuclear power 

would be capable of playing a role in the production of hydrogen either through thermo-chemical 

splitting or through electrolysis [68]. HTSE is a well-developed technology, with lab-scale 

projects already underway, including one at INL. Some advanced, dynamic modeling of HTSE is 

underway, and it provides a clear picture of the energy requirements for HTSE processes 

summarized in [68] [69]. Present energy requirements for HTSE processes are about 170 

MJ/kg [69].  

Table 14. Inputs and outputs of HTSE using nuclear and electric heat, from [69] 
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Expected output from hydrogen is around 120MJ/kg, lower than the input of 170 MJ/kg. 

HTSE uses steam at 850°C as an input into the solid-oxide electrolysis cells. LWR peak steam 

temperatures are closer to 300°C. Nuclear power is capable of providing the latent heat to 

vaporize the water and produce the steam input, and electric topping heaters (or another source 

of heat) could be capable of providing the remainder of the necessary temperature peaking. This 

combined thermal and electric process could be entirely provided by a nuclear power plant such 

as an SMR, or potentially substantiated by multiple sources in a hybrid energy setup.  

It is possible that nuclear energy could be used in other hydrogen production processes, 

such as reformation. Reformation is the process of isolating hydrogen out of hydrocarbon gases, 

usually natural gas (CH4). The process does result in some carbon monoxide or carbon dioxide 

production, which is one reason HTSE has been highlighted. The production of H2 by nuclear-

generated heat and electricity would produce no additional carbon gases during the various 

process stages, making it a completely carbon-free energy production process.    

A.2.2 Coal Gasification 

Coal gasification is the process of using supercritical water to chemically breakdown coal 

into hydrogen and syngas, both products that are usable as fuels that are environmentally cleaner 

than coal. The process of coal gasification requires supercritical water, which occurs at pressures 

in excess of 22 MPa (3200 psia) and temperatures higher than 374°C [70]. Coal gasification 

actually occurs at temperatures much higher than these, in the 650°C-750°C range [71]. It is 

possible to obtain over 90% coal conversion at these temperatures [70] [71]. Much like in HTSE, 

linking LWR technology to coal gasification will require extensive temperature boosting 

accomplished via either natural gas heating or electrical topping heat. Coal gasification is still in 

the developmental stages, but it is drawing attention as a method to produce clean energy from 

an abundant resource.  

A.2.3 Gasoline Production 

Producing gasoline from crude oil requires a large amounts of both thermal and electric 

energy. Petroleum refining plants produce some of their steam and electric power directly on 

site. Figure 67 shows total energy requirements of the petroleum sector in 2006. All values 

except the two listed in dark green under “Electricity Generation” and “Steam Generation” and 

the similarly colored value at the bottom of the “Offsite Energy” are listed in TBTU. The three 
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values that are exceptions are in percentage of total process energy, in electricity consumption, 

steam consumption, and total offsite energy consumption [71].  

 

Figure 67. Energy requirements of petroleum refineries [37] 

Nuclear-generated heat and electricity can be used to provide the 9.6% of required input 

steam generation, and the 24.3% of needed electricity. The relative amounts of electrical and 

heat energy required are seen above as about 54% and 46% of the non-fuel offsite energy 

requirements. Over half of the steam requirements of petroleum refineries are below 2 MPa (300 

psig), below the steam discharge pressure of LWRs [74]. SMR deployment to support petroleum 

plant needs has been previously researched in the context of nuclear-renewable hybrid energy 

systems. This work found that integration of nuclear energy into this process is possible and can 

provide generation stability and economic benefit [5] [75].  

A.2.4 Pulp and Paper Mill 

The pulp and paper industry is one of the largest users of process steam in the U.S. The 

2014 Manufacturing Energy Consumption Survey (MECS) data shows that 11% of 

manufacturing energy was used by the pulp and paper industries [76]. MECS data also shows 

that over 50% of this energy was produced off-site [77]. Around 20% of the energy consumed in 

this industry comes from natural gas [76], which could replaceable by nuclear heat. Pulp and 

paper mills primarily require process steam at temperatures and pressures that LWRs can 

provide. Kraft pulping, sulfite pulping, washing, refining, bleaching and drying processes all use 

steam pressures between 200-1000 kPa (30-150 psia) and temperatures below 175°C (350°F) 

[74]. Paper mills produce on-site power via recovery boilers burning black liquor, a byproduct of 
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wood digestion and washing. The processes in the recovery boiler use black liquor and produce 

smelt that becomes green liquor. This green liquor is combined with lime to produce white 

liquor, which is input with wood into the digester. Figure 68 shows this diagram [96].  

 

Figure 68. Liquor use in the Kraft recovery process, taken from [37] 

The power produced from the recovery boilers could be used for any high pressure and 

high temperature demands that the mill may have, using the nuclear-generated heat input for 

lower pressure and temperature processes. Figure 69 presents the thermal and electrical energy 

requirements in a pulp and paper mills.   

 

Figure 69. Energy use by thermal or electrical, from [37] 

Large thermal and electrical requirements at appropriate LWR steam pressures and 

temperatures make pulp and paper mills great candidates for cogeneration integration with SMRs 

or LWRs buffered by TES. Integrating LWR power into pulp and paper mills would allow for 

the substitution of non-recovery power generation on site at paper mills currently done by natural 

gas, replacing a CO2-emitting energy source with a carbon-free source.  
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A.2.5 Chemical Manufacturing  

Chemical manufacturing processes use steam for stripping, fractionation, power 

generation, mechanical drive, quenching, dilution, process heating, vacuum draw, injection, and 

source of process water [74]. Ethylene, ammonia, urea, styrene, polystyrene, sodium hydroxide, 

PVC, acetone, benzene, toluene, xylene, sodium carbonate, polybutadiene rubber, styrene 

butadiene rubber, and butyl rubber manufacturing processes all use steam within NuScale design 

pressure [74]. MECS data shows that in 2014, chemical manufacturing accounted for about 33% 

of the total manufacturing energy use [76]. Further, MECS data states that more than 60% of 

offsite energy production was made by natural gas, which should allow for avenues of 

applications of nuclear heat from LWRs [77]. 

A.2.6 Water Desalination  

Water desalination is a growing global need, as clean water demand exceeds natural 

production. Clean water makes up only about 2.5% of water on earth, with only around 1% of 

that being easily accessible. Nearly two-thirds of people on earth will soon live in water stressed 

or water scarce regions. To fight against this pending crisis, clean water needs to be produced 

from salty water either from brackish areas or from seawater. Desalination occurs primarily 

through thermal distillation methods (boiling water and reducing the salt content) or through 

forced osmosis (forcing water through semipermeable membranes). In the latter half of the 

1900’s, distillation methods were the primary choice for desalination. As the turn of the century 

approached, improvements in reverse osmosis technology led to increases in RO installations. By 

the year 2000, water production from RO and thermal distillation methods was nearly equal [78]. 

RO plants now account for around 69% of global water production, and as such most of this 

section will be focused on this dominant technology. 

Reverse osmosis plants have become the lead desalination method due to their low 

energy requirements for water production. Figure 72 presents the energy requirements of various 

desalination technologies. At a reported minimum energy requirement of 0.5 kWh/m3 of clean 

water produced, RO technology is normally the cheapest available option [79]. It also produces 

less amounts of brine compared to other technologies, making the plants more environmentally 

friendly, as shown in Figure 70 [78]. Reverse osmosis plants do require feed water 

preconditioning and are reasonably sensitive to inlet conditions of the feed stream [80]. Many 

variables impact energy requirements for reverse osmosis plants including water flow rates, total 
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dissolved solids in the feed and product streams, pressure, temperature, and plant age [79]. 

Figure 71 shows the impact of feed water temperature on required osmotic pressure in RO 

systems.  

 

Figure 70. Water capacity and brine production by existing desalination techniques, from 

[37] 

 

Figure 71. Taken from [37] 



   

124 

 

 

Figure 72. Taken from [37], “Total Electric Equivalent” = Electric + 0.45*Thermal 

Energy 

Current market conditions and technological developments favor reverse osmosis 

methods for water desalination. That being considered, joining a RO plant with a nuclear reactor 

does invite separate possibilities that are beyond the scope of this report but could be worth 

investigating in future cogeneration systems. As nuclear plants produce great amounts of heated 

steam, determining where steam driven motors and pumps could be used in place of electric 

counterparts may be worthwhile to future projects. Water desalination overall is an energy 

intensive process and a largely growing need across the planet. In thermal distillation processes, 

nuclear heat is capable of fulfilling feedstock preheating requirements of around 120°C [81].   

A.2.7 Liquid Air Energy Systems 

Liquid air energy storage (LAES) is an energy storage technology using the Claude 

process to liquefy air, store this air in tanks, and then use heat to expand the air through turbines 

to produce power on demand. Presently, there is a “grid-level” (5 MW/15 MWh) LAES plant 

commissioned by Highview Power that began operation in April 2018 in England [82]. 

Highview Power publishes that their systems can produce from 10-200 MW, and store 40-2000 

MWh. Their designs using waste heat claim 70% round trip efficiency for AC to AC power. 

Because the power production is based on gas expansion through the Brayton cycle, increased 

heat input should result in higher efficiencies. While Highview Power’s designs include cold 

storage for continued use in the plant, if a source of waste cold is available, their efficiencies can 

increase to 100% AC to AC power due to a reduction in refrigeration needs during the 
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liquefaction process, an impact seen in Figure 74 [82]. Figure 73 shows a high-level diagram of a 

Highview process.  

 

Figure 73. High level diagram of Highview Power LAES system [82] 

The initial pilot plant by Highview Power achieved just an 8% efficient cycle. At the 

time, the highest maximum efficiency predicted in the “best build” was going to be around 60% 

efficient [83]. One study further investigating potential LAES arrangements researched the 

impact of a cold box storage on the system. Using ambient heating while discharging, and 

obtaining some power out of the system via a cryoturbine, they computed a modeled efficiency 

of 56.3% [97]. By introducing nuclear top heating it is possible to achieve 71.3% round trip 

efficiency [98]. Specific LAES configurations can cause efficiencies to vary between 68-90%. 

Efficiency variations for individual designs depend on assumptions, which can cause as much as 

20% change [99]. Some parameter impacts are shown in Figure 76 and Figure 77. Other research 

indicates that utilizing a pebble bed cold box recovery component into LAES will increase the 

efficiency during successive cycling to a theoretical limit, seen in Figure 75. This is a contrast to 

some other TES uses or applications, in which there is degradation over time [83].  

 

Figure 74. Cold recycle impact on work input from [37] 
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Figure 75. LAES simulated efficiency vs cycles by [37] 

 

Figure 76. Impact of gas temperature on turbine output at 48 bar [37] 

Figure 74 to Figure 76 show some of the behavioral impact of system parameters on 

LAES performance. Cold bed integration is part of the development by Highview power to 

obtain 70% RTE AC to AC [82]. Figure 75 shows how the efficiency of LAES should be 

constant once the system is fully operational. Figure 76 and Figure 77 combine to demonstrate 

the nonlinear combination of discharge gas pressure and temperature impacts of an actual 

operating LAES plant. The combination presents how a LAES system would utilize nuclear heat 

to aid in its discharge process. Further thermal integration into the LAES process may be 

possible if steam driven compressor trains can be used in the charging process, but that is outside 

the scope of this research.  
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Figure 77. Impact of gas pressure on turbine output at 289K [37] 

LAES has been included as a power boosting application of nuclear generated heat, 

especially for integration with existing LWRs. Because the system as currently designed is 

mostly uncoupled from nuclear heat input, it would likely require less licensing oversight and 

less direct thermal integration to mix the technologies. A nuclear plant may be able to boost 

power output in a manner that does not require a TES system that is thermally integrated into the 

nuclear energy conversion system.  
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A.3 TES Selection Grid 

Table 15 Final full FOM table results 
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A.4 NuScale Secondary Side NRC Application Design 

Pressure values (denoted as “p”) are in psia, temperatures (“T”) are in Fahrenheit, mass 

flow rates (“m”) are in 1000lbm/hr, and enthalpies (“h”) are in BTU/lbm 

 

Figure 78. Piece 1 of NuScale secondary side design document [20] 
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Figure 79. Piece 2 of NuScale secondary side design certification [20] 

 

 

 

Figure 80. Piece 3 of NuScale secondary side design certification [20] 
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Figure 81. Piece 4 of NuScale secondary side design certification [20] 

To reproduce Figure 3 these should be arranged piece 1 as the top-left portion of the 

figure, followed by piece 2 as the top-right portion. Piece 3 and 4 similarly makeup the bottom-

left and bottom-right portions respectively.  

 


