
ABSTRACT 

FRICK, KONOR L. Modeling and Design of a Sensible Heat Thermal Energy Storage 

System for Small Modular Reactors. (Under the direction of Dr. J. Michael Doster.) 
 

The contribution of intermittent (renewable) energy sources such as wind and solar continues to 

increase as renewables improve in efficiency and price-point. However, since renewables have grid 

priority the variability of renewables generates additional challenges for the electric grid in the form of 

rapidly varying net electric loads.  

 

Proposed options for accommodating this net load have included operating nuclear reactors in a load 

follow mode, or operating the reactor at or near steady state and bypassing steam directly to the 

condenser. Both strategies result in lost energy potential. In addition to lost energy potential, load follow 

operation results in increased stress on the fuel and other mechanical components.  A more attractive 

approach is to operate the reactor at or near steady state and bypass excess steam to a thermal energy 

storage system. The thermal energy can then be recovered later, either for electric generation during 

periods of peak electric demand, or for use in ancillary applications such as desalination and chilled 

water production. Such systems are known as nuclear hybrid energy systems (NHES). Various methods 

of Thermal Energy Storage (TES) can be coupled to nuclear (or renewable) power sources to help 

absorb grid instabilities caused by daily electric demand changes and renewable intermittency.   

 

Sensible Heat Thermal Energy Storage is a mature technology currently used in solar energy systems. 

This research focuses on the design and coupling of such a system to Small Modular Reactors (SMRs), 

typical of Integral Pressurized Water Reactor (IPWR) designs currently under development. 

 

The goal of the coupled system is to match turbine output with demand, bypass steam to the TES system 

for storage, and maintain reactor power at approximately 100%. Simulations of the NHES dynamics 

are run in a high-fidelity FORTRAN model developed at NCSU.  Results reveal a sensible heat storage 

system is capable of meeting turbine demand and maintaining reactor power constant, while providing 

enough thermal energy to operate the TES system as an electric or steam peaking unit.  
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Chapter 1 Introduction  

1.1   Current State of Grid/Hybrid Energy Field  

Renewable energy technologies continue to become more attractive with improvements in efficiency 

and price-point. However, the variability of renewables creates additional challenges for the electric 

grid. The most common forms of installed renewable energy are wind and solar. Wind and solar energy, 

while zero carbon footprint energy sources, have energy outputs which cannot be directly controlled 

and instead are subject to the variability found in nature. This implies the energy production side of the 

equation is no longer 100% dispatchable and, depending on the amount of solar and wind installed on 

the grid, could mean large, uncontrolled variations in energy production. This can lead to mismatches 

between energy demand and energy production and ultimately system instabilities and blackouts. 

Furthermore, the integration of renewable energy can lead to over-generation potential as shown in 

Figure 1.1.  This over-generation potential can lead to negative electric prices where the utility is forced 

to pay customers who are willing to take the power produced. Negative prices occur when large 

amounts of inflexible power generation occur simultaneously with low demand [1]. This phenomenon 

occurs more frequently when a large amount of intermittent renewable energy is introduced to the grid.  

 

Figure 1.1: ñDuck Curveò from substantial renewable energy (solar PV) integration in California [2] 

It is likely that base load plants will still be required to maintain our current lifestyle. However, as the 

penetration of renewables increases, base load plants need to be more flexible in their operation as 
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illustrated in Figure 1.2 and Figure 1.3. Figure 1.2 gives a representative load profile for a hot summer 

day in an area with mixed commercial and residential characteristics [3]. Figure 1.3 shows 

representative energy profiles for wind and solar [4] and the energy output required of a plant operating 

in load follow mode if 65% of the peak energy demand can be provided by standard base load units. 

Without a plant designed to mitigate the load variability, the base load plants would need the ability to 

quickly increase and decrease power.  An example of the relative load profile that might be experienced 

by the base load plants with 35% renewable penetration is illustrated in Figure 1.4.   

 

Figure 1.2: Representative Peak Summer Day Load Profile [2] 
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Figure 1.3: Peak Summer Day hourly demand with 65% power from base load units and 35% power from 

intermittent and load follow capacity [4]. 

 

Figure 1.4: Peak summer day including intermittent  generation of up to 35% penetration. 

 
Under these conditions, the reactor can be subjected to significant time varying electric loads. Options 

for accommodating this load have included operating nuclear reactors in a load follow mode, or 

operating the reactor at or near steady state and bypassing steam directly to the condenser [5]. Both 
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strategies result in lost energy potential. Load follow operation can also result in additional stresses on 

the fuel and other mechanical components. A more attractive approach is to operate the reactor at or 

near steady state and store/use the excess energy in either a thermal energy storage unit (TES) or 

alternative applications. Such systems are known as nuclear hybrid energy systems (NHES). Integrated 

nuclear hybrid energy systems involve the design, integration and coordinated operation of several 

complex, standalone systems. The control algorithms involved are unique to each application and the 

particular design of the components. NHES architecture can include process steam applications, 

thermal energy storage, and the presence of intermittent energy sources such as wind and solar. An 

example NHES is shown in Figure 1.5. Potential alternative energy applications for excess power are 

considered below.  

 

Figure 1.5: Example architecture for a tightly coupled NHES, as proposed by Idaho National Laboratory [6] 
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1.2  Candidate Ancillary  Energy Applications 

A benefit of NHES systems is the ability to store and use excess energy from the reactor for ancillary 

applications. However, not all ancillary applications are created equally. Some require process steam 

at high pressure and temperature, others require process steam at low pressure, and some only require 

electricity. This makes the selection of ancillary applications both region and NHES power source 

specific. Applications considered for use in this study include desalination of brackish water/ seawater, 

hydrogen production, and chilled water production using absorption chillers. 

1.2.1. Desalination of Brackish/Sea Water 

 

A promising alternative energy application is the desalination of sea water. This would be a particularly 

useful application in areas such as Southern California or the Southwestern United States where 

availability of potable drinking water is an increasing concern. To ensure adequate water supplies, 

desalination plants are being brought online yearly in Southern California, with the most recent in 

Carlsbad near San Diego in December 2015 [7], [8].  

 

 Figure 1.6: Example of a multistage flash desalination plant [9]  

For desalination plants with a capacity of 4000 m3/d and above the two main desalination technologies 

are multistage flash desalination (MSF) (69%) and reverse osmosis (RO) (23%) [10]. The process 

mechanics and energy requirements of the two are vastly different. Multistage flash desalination is 

based on heating seawater in a brine heater to around 90-110 degrees Celsius. The hot brine then enters 

a flash chamber which is held at vacuum. Since the water entering the chamber is above the boiling 
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temperature at vacuum, part of the water flashes to steam. This steam rises to condensing coils where 

it condenses into fresh water. A diagram of this process is shown in Figure 1.6.   

Reverse Osmosis is the main competitor to multistage flash desalination. The RO process works by 

passing water at high pressures through fine membranes that only allow water molecules to pass. A 

typical RO plant works in two stages, the first being a pretreatment stage where chlorine and other 

chemical additives are used to remove biological organisms and control both the pH and hardness of 

the water. The water is then sent to the membrane filtration system where high pressure forces the water 

molecules through the membranes into an inner collection tube [11]. A representative diagram of an 

RO system is shown in Figure 1.7.  

 

Figure 1.7: Example of a Reverse Osmosis (RO) plant [11]. 

MSF is a proven technology for water desalination. It is a simple and extremely reliable process that 

requires no moving parts other than pumps.  Unfortunately, MSF is more energy intensive than current 

RO plants, requires a direct steam connection to the power plant, and typically runs at full capacity to 

limit potential system instabilities [12]. These challenges limit  MSF applications when steam shedding 

is being used as a load leveling strategy.   
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Reverse Osmosis has the benefit of consuming less energy than MSF. RO also does not need a direct 

steam connection to the power plant as it only requires electric energy to run pumps and has simple 

start/stop operating capability [12]. Since RO is operated in modules, operation can be staged to take 

advantage of available excess energy instead of the all or nothing operation of MSF. These properties 

make RO a highly attractive secondary energy application for hybrid energy technologies.  

1.2.2. Hydrogen Production  

 

Excess thermal and electrical energy can be used for a wide range of alternative applications. One of 

the most intriguing currently is hydrogen production. The anticipated development and deployment of 

fuel cell technology and infrastructure into the transportation sector will create substantial additional 

demand for hydrogen. One of the motivations to switch to a hydrogen based infrastructure is to reduce 

greenhouse gas (GHG) emissions. However, significant GHG reduction will only occur if the hydrogen 

is produced from carbon-free sources.   

Current large-scale hydrogen production is accomplished by stripping hydrocarbon fuel via steam-

methane reforming [13].  In steam-methane reforming, methane reacts with steam in the presence of a 

catalyst to produce hydrogen and carbon monoxide. In a subsequent ñwater-gas shift reactionò the 

carbon monoxide and steam are reacted using a catalyst to produce carbon dioxide and hydrogen. 

Steam methane reforming reaction: 

 4 2 2CH H O + (heat) CO + 3H+ ­   

Water-gas shift reaction: 

 2 2 2CO + H O CO  + H  (+ small amount of heat)­   

A byproduct of this reaction is CO2, which does not meet the GHG reduction standards established in 

the Paris agreement [14], [15].  Fortunately, an alternative clean source of hydrogen, meaning zero CO2 

emissions, comes from the disassociation of water into hydrogen and oxygen via electrolysis. Currently, 

there are two ways of disassociating water via electrolysis: conventional (low temperature) electrolysis 

and High Temperature Steam Electrolysis (HTSE) [16]. HTSE is ~40% more efficient than 

conventional electrolysis but requires temperatures of ~ 800oC [16], [17]. HTSE uses approximately 

79% electrical energy and 21% thermal energy [18].  

A case study recently completed by NuScale [16] to establish a baseline cost for producing hydrogen 

via the HTSE process [16] showed that one 160MWth NuScale module could optimally produce 1,310 
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lb/hr of hydrogen using one matched HTSE module. The hydrogen would be 99% pure with no 

greenhouse gas emissions. The results of their economic analysis showed natural gas reforming to be 

more economical due to natural gas costs and the overall maturity of reforming technology. However, 

it also stated that a coupled hybrid technology plant for hydrogen production could become competitive 

as a result of different economic factors including increased natural gas prices, carbon emission 

penalties, and optimization of the HTSE process. 

1.2.3. Chilled Water Production  

Chilled water is used in large manufacturing facilities, college campuses, and district heating and 

cooling systems to satisfy cooling demands. During warmer months of the year, a large portion of a 

facilityôs electricity demand is generated from heating ventilation and air-conditioning (HVAC) 

equipment. Because building cooling loads regularly peak during the early to late afternoon hours, the 

HVAC equipment is sized to accommodate these peak loads. At night or during early morning hours 

when cooling loads are low, excess chiller capacity exists. Moreover, these facility cooling loads often 

coincide with peak electricity demands, thereby putting further strain on utilities. TES, in the form of 

chilled-water storage, is a way to combat peak cooling loads by shifting them from on-peak to off-peak 

hours [19]. 

Stratified chilled-water storage tanks have emerged as an effective option for storing chilled water [20]. 

In a stratified chilled-water storage tank, warm and cold water are stored in the same vessel with no 

structural interface. Instead, differences in density between cold and warm water cause a thin 

thermocline, or sharp temperature gradient, to form. Excess chilled water, produced when facility 

cooling demands are low, is deposited in the bottom of the tank via diffusers. Because the tank is a 

constant volume device, charging the tank with cold water means simultaneously removing warm water 

from the top of the tank to be sent to the chillers. Conversely, discharging the cold water to be used 

during times of peak facility cooling loads results in warm water being deposited in the top of the tank. 

Therefore, a fully charged tank implies the tank is full of chilled water, while a fully discharged tank 

implies the tank is full of warm water. 

A previous case study examined using stratified chilled-water storage in conjunction with centrifugal 

electric chillers to offset cooling loads synonymous with a large office space or college campus in a 

NHES [21]. Results demonstrated that chilled-water storage can shift cooling loads to off-peak hours 

and help promote more steady-state reactor operation [21]. Another option for cooling water involves 

the use of single effect, lithium bromide absorption chillers, which use steam less than 205 kPa (15 

psig) or hot water and the affinity between an absorbent and a refrigerant to create a chilling effect. 
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Absorption chillers become particularly attractive when a source of waste heat that would normally be 

rejected to the environment or some other low temperature sink is available. In a NHES, low-pressure 

steam can be diverted from waste heat reservoirs or low pressure sections of the energy conversion 

cycle to absorption chillers to make chilled water for facility cooling. 

1.3 Region Selection 

Since renewable energy tends to be highly region specific, it is important to determine the most 

economically feasible region in which to build a nuclear hybrid energy system. Three promising regions 

for deploying a nuclear hybrid energy system are presented below.  

1.3.1 Southern California 

The implementation of a nuclear hybrid energy system relies on three things: 1) sufficient renewable 

resources (wind, solar, etc.), 2) a use for the excess energy, and 3) availability of energy transmission 

lines to supply customers. The California Renewable Portfolio Standard set a goal of 33% of electricity 

generation to come from eligible renewable resources by 2020 [22]. Currently, California leads the 

nation in energy production from solar and biomass.  As further evidence of their commitment to 

renewables, California recently completed construction of the worldôs largest solar thermal plant. The 

Ivanpah Solar Power Facility, located in San Bernardino County became operational on February 13, 

2014 and is capable of producing upwards of 392MWe [23].  Excess energy generated during times of 

non-peak demand or times of high renewable output could be put to use by desalination plants or for 

hydrogen production.  

As of February 2014, there were 17 proposed desalination plants in Southern California alone [24]. 

With the population density and recent extreme drought experienced in this area, the need for potable 

water is undeniable. Unfortunately, desalination of ocean water is an extremely energy intensive 

process that uses on average 15,000 kW-hr of power per million gallons of fresh water produced. This 

is compared to an estimated 3,300-8,300 kW-hr for potable water production by wastewater treatment 

[25]. The energy intensiveness of desalination creates opportunities for hybrid energy plants not only 

from an efficiency standpoint, but also from the environmental standpoint of little to no added carbon 

emissions.  

By 2020 automakers expect to have thousands of hydrogen fuel cell based vehicles in California [26]. 

This transition to a hydrogen fuel cell based infrastructure will require hydrogen production facilities. 

The ability to produce hydrogen during times of low electric demand would add value to the facility.  
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Finally, Southern California is upgrading their grid transmission system. The recent installation of an 

extra 800 MW of transmission lines across southern California connecting renewable resources in 

southeast California to San Diego is a major step [27].  

1.3.2 Southwest 

Renewable energy resources in the southwest include wind, geothermal and solar photovoltaics. 

Arizona currently has the one of the worldôs largest solar photovoltaic facilities located in Yuma 

County, AZ completed in 2014 [28]. With further addition of photovoltaic facilities a stronger case can 

be made for an integrated nuclear-renewable system as the demand for grid flexibility  increases. 

As in Southern California, drought conditions in the southwest illustrate the need for additional sources 

of potable water. While current resources from the upper Colorado River Basin are sufficient, recent 

studies have shown this water supply to be dwindling [29]. With increasing population density and 

drought levels not seen in 1,250 years [29], the need for potable water is real. 

The availability of transmission lines is another advantage the southwest has over other regions. Due 

to the possible closure of existing coal plants, the availability of existing grid infrastructure and the 

need for replacement generation would be conducive to installing an integrated nuclear-renewable 

system.  

1.3.3 Agricultural Midwest  

The Agricultural Midwest is considered to be the best opportunity for integrated nuclear-renewable 

systems at present [30]. The region has abundant wind energy supplies throughout the Great Plains. 

Second to Texas, Iowa is the leading producer of wind energy in the nation [31]. This, combined with 

the recent closures of coal fired power plants in the Midwest [32], could lead to a higher demand for 

renewable energy, making integrated nuclear-renewable systems more attractive. 

Renewable energy technologies combined with industrial processes such as ammonia/fertilizer 

production lends additional benefit to these systems. During times of peak wind output or low electric 

demand, excess capacity could be diverted to ammonia production. An existing transmission 

infrastructure left over from coal plant closures also makes the Agricultural Midwest an extremely 

attractive option for these integrated nuclear-renewable systems.  
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1.4 TES System Configuration 

Thermal Energy Storage (TES) systems have been proposed to store energy during periods of excess 

capacity and have already been employed in concentrated solar plants in the southwestern U.S. [33]. 

Thermal energy storage can be classified into three main types; sensible heat storage, thermochemical 

storage, and latent heat storage. Sensible heat storage (SHS) systems work by raising the temperature 

of a storage medium, usually a solid or a liquid. The storage materials undergo no change in phase over 

the temperature range of the storage process. A good SHS material has high heat capacity, relative 

molecular stability and durability over the temperature range of interest. Latent heat storage is an 

approximately isothermal process which takes advantage of the heat of fusion of the storage material 

as it changes phase. Thermochemical storage is a newer technology that relies on heat to drive reversible 

chemical reactions [34].  

For the application proposed here, a sensible heat system was chosen. This allows for the simple bypass 

of steam to an intermediate heat exchanger, which transfers thermal energy to a thermal energy storage 

fluid. A two-tank direct system was chosen for this work. The two-tank system can accommodate 

molten salts or synthetic oils that are highly stable over the expected operating range of the system. 

Currently, the two-tank storage system is the most commercially mature technology [34]. 
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Chapter 2  Reactor Simulator 

2.1 Simulator Design 

The target SMR in this work is an Integral Pressurized Water Reactor (IPWR) with operating 

parameters similar to those of the mPower reactor proposed by B&W [35].  Operating parameters are 

given in Table 2.1.  IPWRs are characterized by having all major primary system components (core, 

steam generators, pressurizer, etc.) contained within the reactor vessel.  A diagram of a typical IPWR 

is given in Figure 2.1.  

 

Figure 2.1: Representative Integral Pressurized Water Reactor 

For the IPWR considered in this work the steam generators are a typical once through design, with 

steam generator pressure control via the turbine control valves (TCVs) located between the pressure 

equalization header and the high pressure turbine. Feed control valves modulate such that feed flow 

rate matches a feed demand signal that is proportional to the turbine load plus a shim that ensures 
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turbine output matches load. Steam generator level (boiling length) is allowed to float. In order to 

simulate the dynamics of an IPWR system, NCSU has developed high fidelity simulation tools for 

predicting the dynamic response of IPWR systems under normal and off-normal conditions [36] [37] 

[38] [39]. The reactor simulator is capable of simulating IPWRs operating under forced and natural 

circulation conditions.  Additional features include: a) reactor kinetics with overlapping control rod 

banks, Xenon, fuel and moderator temperature feedback, b) decay heat, c) hot channel models including 

Critical Heat Flux and peak fuel centerline temperatures, d) pressurizer with heaters and sprays, e) 

conventional and helical coil Once Through Steam Generators, f) Balance of Plant and g) associated 

control functions.  Models exist for IPWR concepts spanning a range of thermal outputs, including 

designs similar to the Westinghouse IRIS, B&W, mPower, and NuScale reactor concepts [35]. Primary 

loop nodalization is illustrated in Figure 2.2. 

Table 2.1: SMR Design Parameters 

Parameter Value 

Reactor Thermal Output 530 MWt 

Electric Output  180 MWe 

Primary System Pressure 14.134 MPa (2050 psia) 

Core Inlet Temperature 296.6 ǓC (566 ǓF) 

Core Exit Temperature 321.6 ǓC (611 ǓF) 

Core Flow Rate 1.361 Mkg/hr (30 Mlbm/hr) 

Steam Pressure 5.7 MPa (825 psia) 

Steam Temperature 299.4 ǓC (571 ǓF) 

Feed Temperature 212.2 ǓC (414 ǓF) 

Steam Flow Rate 0.953 Mkg/hr (2.1Mlbm/hr) 

Number of Tubes 7048 

Tube Material Inconel-690 

Tube Inner Diameter 1.328 cm (0.523 inches) 

Tube Outer Diameter 1.745 cm (0.687 inches) 

Pitch 2.093 cm (0.824 inches) 
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Figure 2.2: SMR Simulator Nodalization 
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Chapter 3  Thermal Energy Storage System 

Sensible heat storage involves the heating of a solid or liquid without phase change and can be 

deconstructed into two operating modes: charging and discharging. A two-tank thermal energy storage 

system is a common configuration for liquid sensible heat systems.  In the charging mode cold fluid is 

pumped from a cold tank through an Intermediate Heat Exchanger (IHX), heated, and stored in a hot 

tank while the opposite occurs in the discharge mode. Such systems have been successfully 

demonstrated in the solar energy field as a load management strategy [33]. 

3.1 Connection Point 

The performance of a Thermal Energy Storage (TES) System is a strong function of the connection 

point to the secondary side of the IPWR. For plants incorporating Once Through Steam Generators 

(OTSG) the turbine control valves (TCVs) act as pressure control valves to maintain Steam Generator 

pressure at a given set point. Shown in Figure 3.1, Turbine Bypass Valves (TBVs) can be configured 

such that bypass steam can either be taken off the steam line at the pressure equalization header 

upstream of the turbine control valves (Aux 1), downstream of the turbine control valves prior to 

entering the high pressure turbine (Aux 2), or at some low pressure turbine tap (Aux 3). Steam off-take 

upstream of the TCVs provides approximately constant steam conditions but the system is only able to 

bypass ~50% nominal steam flow before losing pressure control. Should more steam flow be desired 

then placing the taps downstream of the TCVs is an option that has no steam flow limitation. However, 

steam conditions downstream of the TCVs are a strong function of the load profile.  Taking bypass 

steam downstream of the turbine control valves can result in highly varying steam pressures and 

temperatures and unacceptably low IHX pressures. Further, if the TBVs are placed downstream of the 

TCVs then TBV operation must be uniform to maintain symmetric operation of the TCVs.  For the 

sensible heat TES system assumed here, it is desirable to have roughly constant steam conditions since 

the shell side pressure in the Intermediate Heat Exchanger directly affects the TES fluid temperature 

leaving the IHX and ultimately stored in the hot tank.  This makes taking bypass steam from the pressure 

equalization header upstream of the turbine control valves the preferred operating mode.  
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Figure 3.1: Bypass Steam Options 

3.2 Charging System Design 

The charging mode configuration of the proposed Thermal Energy Storage System is shown in the 

boxed region of Figure 3.2. An outer loop interfaces with the reactorôs Balance of Plant (BOP) directly 

through four parallel auxiliary turbine bypass valves connected at the pressure equalization header, 

each staged to open at a certain percent of the maximum auxiliary flow demand. Bypass steam is 

directed through an intermediate heat exchanger and ultimately discharged to the main condenser. An 

inner loop containing a TES fluid consists of two large storage tanks along with several pumps to 

transport the TES fluid between the tanks, the IHX and a steam generator. Flow Bypass Valves are 

included in the discharge lines of both the Hot and Cold tanks to prevent deadheading the pumps when 

the Flow Control Valves are closed.   Common TES fluid properties are given in Table 3.1.  Therminol-

66 is chosen as the TES fluid in this work as it is readily available, can be pumped at low temperatures, 

and offers thermal stability over the range (-3ǓC - 343ǓC) which covers the anticipated operating range 

of the TES system (203ǓC - 260ǓC). Molten salts (e.g. 48% NaNO3 ï 52% KNO3) were not considered 

as the anticipated operating temperatures fall below their 222ǓC freezing temperature [40]. Other 

benefits of using Therminol-66 include its Material Safety Data Sheet (MSDS) classification as a 

nonhazardous material [41].  In addition, as hydrocarbons do not readily exchange hydrogen atoms 

with other materials [42], tritium migration would be mitigated in the rare event simultaneous leaks in 
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the steam generator and an IHX tube allowed activated primary water to mix with the TES fluid.  In 

this event, the TES tanks would act as holding tanks for the activated water. 

Table 3.1: Properties of Possible TES fluids at ~260 degrees Celsius (500 degrees Fahrenheit) 

Heat Transfer 

Fluid  
Boiling Point (ǓC) Heat Storage (W*hr/m3ǓC)  Operating Range (ǓC) 

Therminol®-66 [43] 358  (678 ǓF) 1039 (576.95 W*hr/m3ǓF) -2.7 to 343.3  (27 ǓF to 650Ǔ F) 

Therminol®-68 [44] 307  (586 ǓF) 1013 (563.03 W*hr/m3ǓF) -25.5 to 360 (-14 ǓF to 680 ǓF) 

Therminol®-75 [45] 342  (649 ǓF)  992  (551.54 W*hr/m3ǓF) 79.44 to 385 (175 ǓF to 725 ǓF) 

 

The TES system is designed to allow the reactor to run continuously at ~100% power over a wide range 

of operating conditions.  During periods of excess capacity, bypass steam is directed to the TES unit 

through the auxiliary bypass valves where it condenses on the shell side of the IHX. TES fluid is 

pumped from the Cold Tank to the Hot Tank through the tube side of the IHX at a rate sufficient to 

raise the temperature of the TES fluid to some set point.  The TES fluid is then stored in the Hot Tank 

at constant temperature.  Condensate is collected in a hot well below the IHX and drains back to the 

main condenser, or can be used for some other low pressure application such as chilled water 

production, desalination or feed-water heating.  The system is discharged during periods of peak 

demand, or when process steam is desired, by pumping the TES fluid from the Hot Tank through a 

boiler (steam generator) to the Cold Tank. This process steam can then be reintroduced into the power 

conversion cycle for electricity production or directed to some other application through the Pressure 

Control Valve (PCV) at the exit of the steam dome. While the boiler in Figure 3.2 implies a Once 

Through Steam Generator (OTSG) design, a U-Tube design could just as easily be substituted. Pressure 

relief lines connect the shell side of the IHX with the condenser to prevent over pressurization of the 

heat exchanger during periods of low condensation rate. A nitrogen cover gas dictates the tank pressures 

during charging and discharging operation. 

Note: Tank sizes are a direct function of the designed ȹT between the Hot Tank and Cold Tank. To 

achieve smaller tank sizes, increase the designed ȹT between the Cold Tank and Hot Tank.  
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Figure 3.2: Schematic of an IPWR connected to a two-tank sensible heat thermal energy storage system, charging 

mode 

3.2.1. Charging System Model 

 

The time dependent behavior of the TES system is obtained by solving mass, energy and simple 

momentum balances on the Shell side of the IHX (Outer Loop), and the Tube side or Inner Loop.  

 

System Equations for Shell Side (Outer Loop) 

 

Energy Equation  
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For n=1,2,é,ntbv and m=1,2,é,mprv. 

 

Mass Equation  
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Momentum Equations 
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State Equations 
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Equations for tube side (Inner Loop) charging mode 

 

Hot Tank Mass Balance 
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Cold Tank Mass Balance 
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Momentum Equation  
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Hot tank energy balance 
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Hot Tank Pressure 

 HT HT HTP RTr=   (3.12) 
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Cold Tank Pressure 

 CT CT CTP RTr=   (3.13) 

The heat transfer rate from equation (3.1) can be written as 

 ( ) ( )IHX sat TESIHX
Q UA T T= -   (3.14)  

where TEST  is the average TES fluid temperature within the IHX.  To obtain the average TES 

temperature we solve a simple energy balance on the fluid. 
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Now defining TEST as 

0
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where the TES fluid temperature is from equation (3.15) 

1

0 0

1
e e

L Lz z

satL L
TES c sat

T
T T dz T dz

L L

b b
- -

= + -ñ ñ  



21 

 

( )
1

0

e

L z
sat c

L
TES sat

T T
T T dz

L

b
--

= + ñ  

( )
1

0

L
z

sat c
L

TES sat

T T L
T T e

L

b

b

-- å õ
= + æ ö

ç ÷
 

Rearranging gives the final equation. 
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Further, the determination of IHXQ  requires the UA value 
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where an average condensation heat transfer coefficient is assumed for the shell side of the form, 
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In the equations above, n = number of tubes, ir  = tube inner radius, or  = tube outer radius, k = tube 

thermal conductivity, L= tube length, and d = tube outer diameter, and 
1CT = inlet temperature from cold 

tank.  Equation (3.20)  ensures non-zero heat transfer coefficients during periods of zero or very low 

TES flow rates. 

3.2.2. Charging System Solution strategy 

The TES system model requires solving a system of nonlinear equations. The solution method is 

outlined below.  

Shell Side of IHX 

A semi-implicit time discretization is chosen for the shell side equations of the form 

Energy Equation  
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For n=1,2,é,ntbv and m=1,2,é,mprv. 

 

Mass Equation  
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Momentum Equations 
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State Equations 
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These equations are nonlinear in the new time values. Applying a Newton-Iteration yields the following 

linear equations in the new iterate (k +1) values. 

Energy Equation  
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For n=1,2,é,ntbv and m=1,2,é,mprv. 

 

Mass Equation  
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Momentum Equations 
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K K
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State Equations 

 ( ) ( ) ( ) ( ),k k k k k k k

g IHX f IHX g g IHX f IHXP P P Pr r a r a r rè ø= = + -
ê ú  (3.33) 

 ( ) ( ) ( ) ( ) ( ) ( ) ( ),
k

k k k k k k k k k

g IHX f IHX f IHX g g IHX g IHX f IHX f IHX
u u P P u P P u P P u Pr r a r a r r= = + -è øê ú   (3.34) 
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+ µ µ
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µ µ
  (3.35) 

 
1

k
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g IHX

kg k

u u
u u P

P

r r
r r da d

a

+ µ µ
= + +

µ µ
  (3.36) 

Equations (3.28)-(3.36) can be reduced to a 4x4 matrix providing solutions for
1 1 1, , ,Pk k k

g IHXur r da+ + +
. 

From these variables direct solves for the mass flows can be performed.  The equations are iterated to 
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convergence based on the maximum relative difference for any single variable between iterations.  The 

converged values become the solution for the new time values.  

Tube Side Equations:  

Tube side Energy Equation 

 { }
1

exit exit

TES TES exit

t t t

IHX IHX t t t t t t

IHX TES p TES p IHX C IHX

T T
V c m c T T Q
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Dî îí ý

  (3.37) 

 ( ) ( )
tt t t t

IHX sat TESIHX
Q UA T T+D +D= -   (3.38) 
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TES sat t t

TES p

T T UA
T T e

m c
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Hot Tank Mass Balance 

 

t t t
t t HT HT
TES TES HT

H H
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t
r

+D
+D ë û-
= ì ü

Dí ý
  (3.40) 

Cold Tank Mass Balance 

 

t t t
t t CT CT
TES TES CT

H H
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t
r

+D
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  (3.41) 

Momentum Equation  
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t t t

FCV TESt t t t
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+D
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Hot tank energy balance 

 ( ) ( )( )
TES Exit

t t t
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HT p TES p IHX HT HT HT Amb
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  (3.43) 

Hot Tank Cover Gas  
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Cold Tank Cover Gas  

 
( )

CTFillgas

t+ȹt

Height CTTank -H

o

t t

CT

CT

M

A
r+D=   (3.45) 

Hot Tank Pressure (State Equation) 

 
t t t t t t

HT HT HTP RTr+D +D +D=   (3.46) 

Cold Tank Pressure (State Equation) 

 
t t t t t

CT CT CTP RTr+D +D=    (3.47) 

Note: For the charging mode, cold tank temperature is assumed at past time. Conversely, in the 

discharge mode hot tank temperature is assumed at past time. 

The tube side equations also form a non-linear system that must be solved iteratively.  A general 

Newton-Raphson iteration for this system had poor convergence characteristics due to the stiffness of 

the system.  As an alternate approach, the equations were cast as a single non-linear equation in the 

TES flow rate that could be solved iteratively by Brentôs algorithm [46].  This provides for a much 

more robust search.  

Tube side nonlinear search strategy: 

For a given guess at the new iterate flow rate 1k

TESm + , the tube side equations are solved in the following 

order: 

Average TES fluid temperature 
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Energy equation inside tubes 
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  (3.49) 
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Hot tank energy equation 
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  (3.50) 

Hot tank height 

 

1
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Cold tank height 

 

1
1

k
k tTES
CT CT

TES CT

m t
H H

Ar

+
+ - D
= +   (3.52) 

Hot tank density 
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Cold tank density 
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Hot tank pressure 

 
1 1 1k k k

HT HT HTP RTr+ + +=   (3.55) 

Cold tank pressure 

 

 
1 1k k t

CT CT CTP RTr+ +=    (3.56) 

 

The momentum equation is used to determine how closely the equations are satisfied with the guess 

value of 1k

TESm +  
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1
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FCV TESk k

CT pump HT
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+

+ ++D - - =   (3.57) 
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When the error is within some specified tolerance the (k+1) iteration values become new time (t+ȹt) 

values. Otherwise, a new guess value for 1k

TESm +  is chosen according to Brentôs algorithm. 

For this algorithm it is necessary to bound the possible solution. To do this we consider the natural 

solution for the mass flow rate. 

 
( )

2

2

/

t t t t

TES CT pump HTt t

TES

FCV FCV

P P P
m

K A

r +D +D

+D
+D -

=   (3.58) 

The minimum flow possible is when the pressure of the cold tank is 0 psi. Likewise, the maximum 

possible flow is when pressure in the hot tank is 0 psi.   Using the past time pressures as estimates of 

the new time values, gives an estimate of the bounds for the new time flow rate. 

 
( )

2min

2

/

t

TES pump HTt t

TES

FCV FCV

P P
m

K A

r
+D

D -
º   (3.59) 

 
( )
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t
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FCV FCV

P P
m

K A

r
+D

+D
º   (3.60) 

The nonlinear solver then does a number line search on a value of 1k

TESm +  such that all of the equations 

associated with the tube side are satisfied. Once this value has been determined, 1k

TESm +  is the solution for 

t t

TESm+D. This value is directly substituted into the tube side equations to determine 

, , , , , ,P ,P , ,T
Exit

t t t t t t t t t t t t t t t t t t t t

IHX HT HT CT HT CT HT CT IHX TEST T H H Qr r+D +D +D +D +D +D +D +D +D +D
 . 

 A schematic of the Thermal Energy System solution strategy is illustrated in Figure 3.3.  
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Figure 3.3: Thermal Energy Storage System Time Advancement Scheme (Charging Mode) 

 

3.2.3. Charging System Control   

The TES system has four sets of valves used to control system parameters: auxiliary bypass valves, the 

TES flow control valve, the auxiliary control valve, and pressure relief valves. 

The goal of the bypass flow controller is to provide bypass steam to the TES system at a rate sufficient 

to maintain the reactor at or near its nominal steady state value. The bypass valve controller generates 

an error signal based on the difference between measured bypass flow and a bypass flow demand signal. 

The bypass demand signal assumes the required bypass flow is proportional to the relative difference 

between the nominal full power turbine output and the instantaneous electric load plus a correction term 

(shim). The shim term modifies the demand signal such that reactor power is kept approximately 

constant. 
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Ref Ref

DemandBypass Bypass

TBV

Bypass Bypass

m m
Signal

m m
= -    (3.61) 

 nominalDemand

Fullpower load

Bypass TES

load

W W
m m Shim

W

-
= +   (3.62) 

 
( )nominal ref

ref

Shim Rx Rxt t t

TES TES

Rx

K m Q Q t
Shim Shim

Q

+D
- D

= +   (3.63) 

Flow from the cold tank to the hot tank is via a TES flow control valve. The TES flow control valve 

operates off a three element controller where the first error signal is designed to maintain the TES fluid 

temperature leaving the Intermediate Heat Exchanger at some reference value. The second error signal 

is designed to roughly match the heat input into the TES fluid with the heat bypassed to the IHX 

 1 1 2 2FCVSignal G Error G Error= +   (3.64)  

 
1

Exit Exitref

Exitref

IHX IHX

IHX

T T
Error

T

-
=   (3.65) 
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Ref Ref
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(P )
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Bypass Steam f IHX

TES

p IHX CT

m m
Error

m m

m h h
m

c T T

= -

-
=

-

  (3.66) 

where 
RefBypassm  is the reference design bypass flow rate for the IHX. 

The auxiliary control valve (ACV) maintains IHX hot well level. This valve operates on a three element 

controller based on the level of the IHX and the difference in mass flows into and out of the IHX as 

shown in equations (3.67)-(3.69) where G1 and G2 are error weighting gains. Gains were selected to 

allow for smooth operation of the ACV over foreseeable operating bands.  

 
ACV 1 1 2 2Signal G E G E= +   (3.67) 

 1 RefLevel-LevelE =   (3.68) 

 2 bypass ACVE m m= -   (3.69) 

Pressure relief valves (PRVôs) have been installed in the IHX to mitigate pressure increases.  Should 

pressure reach an upper set point the valves will open and will not close until the pressure falls below 

a lower set point.  
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 Setpoint

Setpoint

IHX IHX

PRV

IHX

P P
Signal

P

-
=   (3.70) 

The only parameters directly controlled during charging mode operation of the TES system are the IHX 

exit temperature on the inner loop and the level in the IHX. All other variables including IHX pressure, 

tank levels, inner loop mass flow rate, and heat transfer across the IHX are determined from the mass, 

energy and momentum balances on the system.  

A stop valve (not shown) is placed in the flow line between the cold tank and hot tank to ensure tank 

pressure and level stay below designated set points. Should either the pressure or level set points be 

exceeded the stop valve will close and TES fluid flow between the tanks will cease. A redundant control 

on level is that the volume of TES fluid in the system is less than the total volume of either tank. 

 

3.3 Discharge System Design 

Additional models are required to simulate discharge mode operation where energy is recovered by 

flowing the TES fluid from the hot tank, through a boiler, and back to the cold tank. For the 

configuration assumed here, the TES fluid flows through the tube side of a Once Through Steam 

Generator (OTSG) producing a saturated liquid-vapor mixture. This two-phase mixture flows to a steam 

dome where the steam dome will separate the gas and liquid phases and reintroduce the saturated steam 

into either the energy conversion cycle for electrical peaking or some industrial steam process. For 

electrical peaking, steam will be reintroduced prior to the moisture separator before entering the low 

pressure turbine. This allows the streams from the steam dome and high pressure turbine to combine 

and eliminate any moisture that may be present prior entering the low pressure turbine. 

A schematic of the proposed discharge mode operation can be seen in Figure 3.4. 
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Figure 3.4: TES Discharge Mode Configuration 

3.3.1. Discharge System Model 

A three equation Global Compressibility Model is assumed for the shell side of the steam generator, 

where thermodynamic equilibrium is assumed between the phases.  The steam dome model assumes 

the vapor region is saturated and the liquid region is subcooled.  A pump is used to provide 

approximately constant flow between the steam dome and steam generator.  

OTSG (Shell Side) Equation Set 

Mass 

 0
Exit inletSG exit exit SG inlet inlet SG

d
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dt

r
r r

ë û
+ - =ì ü
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  (3.71) 

 



32 

 

Energy 
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State Equations 

 ( , )  orl l l l g gu Pr r r ar a r= = +   (3.73) 
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33 

 

State Equations 

 ( ) ( , )l l lSD l lSD SDSD
u Par a r=   (3.78) 

 ( , ) ( )SD l l lSD SD g g SDu P Pr ar a r= +   (3.79) 

 ( , ) ( )SD l l lSD SD lSD g g SD gu u P u P ur ar a r= +   (3.80) 

 

Momentum Equations 
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Equations for tube side (Inner Loop) discharge mode 

 

Hot Tank Mass Balance 
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Cold Tank Mass Balance 
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Momentum Equation  
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Cold tank energy balance 
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Hot Tank Pressure 

 HT HT HTP RTr=   (3.89) 

Cold Tank Pressure 

 CT CT CTP RTr=   (3.90) 

3.3.2. Solution strategy 

The TES discharge system model requires solving a system of nonlinear equations. The solution 

method is outlined below.  

Shell Side of discharge model 

A semi-implicit time discretization is chosen for the shell side equations of the form shown below with 

ñnò nodes.  
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State Equations 
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Steam Dome Equation Set 
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State Equations 
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Momentum Equations 
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These equations are nonlinear in the new time values. Applying a Newton-Iteration yields the following 

linear equations in the new iterate (k +1) values. 

OTSG (Shell Side) Equation Set 
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Energy 

 

{ } ( )

1

1 1

1/2 1/2 1/2 1/2 1/2 1/2

1 1

1/2 1/2 1/2 1/2

1/2,

1/2

k t

j j t k t k

j j j j j j j

t k k t

j j j j j

j t

l g f g

fg SG fg r xSG

j

u u
V u v A u v A

t

P v A v A q u P v A

r r
r r

aa r r
n

r

+

+ +

+ + + - - -

+ +

+ + - -

+

-

-
+ - =

D

- - +

ë û
ì ü
í ý

ë û
- +ì ü
í ý

  (3.106) 

State Equations 

If the node is subcooled the state equations are 
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If the node is two phase the state equations become 
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Steam Dome Equation Set 

Liquid Mass 

 

( ) ( )
1

1 1

1

k t

l l l l t k t t k

SD FD FD FD lSG f SG xSG

t

l g f g rt k

lSD FCV FCV xSG

SG

V v A v A
t

v
v A A

ar ar
r a r

aa r r
r

r

+

+ +

+

ë û-î î
= +ì ü

Dî îí ý

- -

  (3.115) 

Total Mass 
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Total Energy 
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State Equations 
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Momentum Equations 
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Using the Newton-Iteration scheme, equations (4.1)-(4.14) can be reduced to a (n+2) x (n+2) matrix 

providing solutions for the new iterate (k+1) values
1 1 1 1 1 1

1 1/2, , 1/2, , , ,k k k k k k

FCV j SG SG SDv v v v P P+ + + + + +

+ + , where n is the 

number of steam generator nodes. The remaining new iterate values can be obtained directly by back 

substitution. The equations are iterated to convergence based on the maximum relative difference for 

any single variable between iterations. The converged values become the solution for the new time 

values. 

Tube Side Equations  

Tube Side Energy Equation 
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Rearranging 
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For node 1, Tj-1 = THT 

Hot Tank Mass Balance 
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Cold Tank Mass Balance 
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Momentum Equation  
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Cold tank energy balance 
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Hot Tank Cover Gas  
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Hot Tank Pressure (State Equation) 
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The tube side equations also form a non-linear system that must be solved iteratively.  Similar to the 

solution strategy during charging mode operation, the equations were cast as a single non-linear 

equation in the TES flow rate that could be solved iteratively by Brentôs algorithm [46].  This provides 

for a much more robust search.  

Tube side nonlinear search strategy: 

Guess 1k

TESm +  and solve the tube side equations in the following order 
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For node 1, Tj-1 = THT 

Cold tank energy  
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Hot tank height 
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Cold tank height 
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Hot tank density 
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Hot tank pressure 
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Cold tank pressure 
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The momentum equation is used to determine how closely the equations are satisfied with the guess 

value of 1k

TESm +  
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When the error is within some specified tolerance the (k+1) iteration values become new time (t+ȹt) 

values. Otherwise, a new guess value for 1k

TESm +  is chosen according to Brentôs algorithm. 

For this algorithm it is necessary to bound the possible solution. To do this we consider the natural 

solution for the mass flow rate. 
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The minimum flow possible is when the pressure of the hot tank is 0 psi. Likewise, the maximum 

possible flow is when pressure in the cold tank is 0 psi.   Using the past time pressures as estimates of 

the new time values, gives an estimate of the bounds for the new time flow rate. 
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The nonlinear solver then does a number line search on a value of 1k

TESm +  such that all of the equations 

associated with the tube side are satisfied. Once this value has been determined,1k

TESm +  is the solution for 

t t

TESm+D. This value is directly substituted into the tube side equations to determine the values at new 

time.  
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3.3.3. Control  

The discharge mode can be operated in two different modes. It can operate either as an electrical 

peaking unit to supplement the electric grid during times of high demand, or it can be used as a source 

of steam for ancillary industrial applications. Both modes are considered, each with itsô own set of 

control algorithms.  

3.3.3.1. Electrical Peaking Unit  

The electrical peaking unit control strategy assumes three control valves. A Pressure Control Valve 

(PCV) on the steam dome to ensure constant pressure steam conditions in the steam generator, a Feed 

Control Valve to allow for level control within the steam dome and a Flow Control Valve on the tube 

side of the steam generator to regulate the amount of TES flow from the hot tank to the cold tank. Feed 

control is based on a standard three element controller where the error signals are level and steam 

flow/feed flow mismatch.  The TES flow control assumes the TES flow required is proportional to 

relative demand of the maximum design TES flow plus a correction term (shim). The shim term 

modifies the demand signal such that the instantaneous electric load is met.   
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During times of discharge the reactor power is held constant by changing the feed demand on the 

main system feed control valve that modulates flow through the main steam generator.  
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This modification allows the reactor to remain at approximately 100 percent power while the thermal 

energy storage system matches the demand of the turbine.  
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3.3.3.2. Industrial Steam Production 

As when configured as an electrical peaking unit, the control strategy for industrial steam production 

also assumes three control valves. A Pressure Control Valve (PCV) on the steam dome ensures constant 

pressure steam conditions in the steam generator, a Feed Control Valve allows for level control within 

the steam dome and a Flow Control Valve on the tube side of the steam generator regulates the amount 

of TES flow from the hot tank to the cold tank. Feed control is based on a standard three element 

controller where the error signals are steam dome level and steam flow/feed flow mismatch. The TES 

flow control assumes the TES flow required is proportional to the maximum design TES flow plus a 

correction term (shim). The shim term modifies the demand signal such that the instantaneous steam 

demand is met.   
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3.4 Charging/Discharge Cycle Realignment 

Over the course of time, whether it is days, weeks, or months, there will come a point where the 

discrepancy in time spent charging and discharging will cause one of the tanks to fill while leaving the 

other empty. When this occurs one of the two operating modes, charging or discharging, will need to 

be suspended until such a time that the tanks levels have realigned. Options to mitigate such scenarios 

are outlined below.  

Scenario 1: Hot Tank is nearly full, and the system is charging 

1. Decrease charging by decreasing the reactor power. This can be planned and does not require 

switching to full load follow operation.   

2. Should the Hot Tank fill up the pressure relief valves in the IHX will open when the stop valve 

between the Cold Tank and Hot Tank closes, shutting off TES fluid flow. Thus, all the bypass 
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flow into the IHX will bypass through the pressure relief valves directly to the condenser, 

allowing the reactor to maintain operation at 100% power.  

Scenario 2: Cold Tank is nearly full,  and the system is discharging 

1. Turn on additional peaking units. These can be smaller fossil fuel peaking units. 

The mitigation of scenario 1 is easier in terms of infrastructure, especially if the system is deployed on 

a constrained grid. With this in mind, most of the systems presented will be designed such that more 

time is spent charging than discharging when subjected to typical electric demands (electric or steam). 
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Chapter 4 Condenser Model 

4.1 Design 

The presence of the TES system places additional demands on the condenser, and its time dependent 

behavior is necessary to predict overall system performance. The condenser model is sufficient to 

handle all foreseeable operating modes. Included in the Condenser model are flows from the turbine 

and the TES systemôs ACV and PRVs. The condenser model will provide the time varying condenser 

pressure and associated system dynamics.   Condenser parameters for an mPower sized reactor/TES 

system are given in Table 4.1. 

 

 

Figure 4.1: Condenser Configuration 

4.2 Condenser equation set 

To model the Condenser, an equation set similar to that for the Intermediate heat exchanger is used.  

Energy Equation  
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Mass Equation 
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State Equations 
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Differencing in time gives   
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State Equations 
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Assuming the inlet flows and enthalpies are known, casting the problem as a Newton Iteration gives 

for the new iterate values 
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The system of equations can be rewritten as a direct solve for  
1 1, , ,k k

g Condu Pr r da d+ +
 .  Upon 

convergence, the heat transfer rate for the next time step (t

CondQ ) can be obtained from 

Cond cond mQ UA T= D  where  
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The heat transfer coefficients ih  and oh  are obtained in the same manner as in the intermediate heat 

exchanger equations (3.18) and (3.19).  

It will be assumed that the mass flow rate of the cooling water is constant and known along with the 

cooling water inlet temperature and pressure. This gives
inletCondT .  To calculate 

exitCondT an energy 

balance can be applied between the tube and shell side of the condenser.  
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Rearranging gives for 
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Table 4.1: Condenser Parameters for mPower sized Reactor/TES system. 

Parameter Value 

Design Heat Transfer Rate 530 MWt 

Temperature of Cooling Water 10 ǓC (50 ǓF) 

Volume of Condenser 215.4 m3 (7607 ft3) 

Number of Tubes in Condenser 76824 

Length of Tubes 7.34 m (24.1 ft) 

Mass Flow of Cooling Water 1.547x107 kg/hr (3.411 x 107 lbm/hr) 

Condenser Tube Inner Diameter 0.013 m (0.044 ft) 

Condenser Tube Outer Diameter 0.018 m (0.058 ft) 
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Chapter 5 Flash Vessel Model 

Once the bypass steam has been condensed in the Intermediate Heat Exchanger it is no longer useful 

to the TES system, and would normally be directed to the condenser. However, for the system operating 

parameters assumed here, this condensate is sitting at a pressure of approximately 4.82MPa (700psia), 

making it high grade waste heat for other applications. To utilize this waste heat for low pressure 

applications such as chilled water production, the condensate from the IHX is dropped across a let down 

orifice to produce a low pressure steam/water mixture. This two phase mixture is sent to a flash vessel 

where the liquid and vapor phases are separated. The saturated steam is then sent to an ancillary 

application to utilize the high grade waste heat byproduct produced in the TES system.  A potential 

configuration for chilled water production is illustrated in Figure 5.1, where the chilled water is 

assumed to be stored in a stratified storage tank [47]. Other potential applications include using the 

waste heat for desalination or in an additional feedwater heater placed at the end of the feed train to 

minimize feed temperature variations with turbine load.  

 

Figure 5.1: Flash Vessel Configuration 

5.1 Flash Vessel Equation Set 

The flash vessel is assumed to be ideal and works to separate the steam/water mixture into saturated 

liquid and vapor.  
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Mass Balance 

 
2

FV
FV IHX PCV Cond

d
V m m m

dt

r
= - -   (5.1) 

Energy Balance 
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State Equations 
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Momentum Equations 
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5.2 Flash Vessel Control 

The Flash Vessel has six sets of valves used to control system parameters: the auxiliary control valve, 

level control valve, three sets of pressure control valves, and a chiller valve.  

The auxiliary control valve modulates to maintain level in the Intermediate Heat Exchanger. Thus 

during times of high bypass steam flow, there will be a corresponding high condensate flow exiting the 

IHX.  The goal of the first bank of pressure control valves is to maintain the flash vessel at some user 

specified pressure. The second pressure control valve is located at the exit of the chiller line. This 

pressure control valve modulates to maintain a user specified pressure downstream of the chiller valve. 

The chiller valve operates on a binary signal such that if the thermocline level in the stratified storage 
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tank is below some lower set point the valve goes to its full open position. Conversely when the 

thermocline level hits some upper set point the valve shuts. The third pressure control valve located on 

the bypass line around the chiller modulates to maintain a user defined pressure downstream of the 

main pressure control valve bank, this point is called Pimpulse2 in Figure 5.1.  
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The level control valve, located at the bottom of the flash vessel maintains Flash Vessel level. This 

valve operates on a three element controller based on the level of the flash vessel and difference in mass 

flows into and out of the flash vessel.  

 1 1 2 2SignalLCV G E G E= +   (5.13) 

 1 RefLevel-LevelE =   (5.14) 

 
22 IHX PCV CondE m m m= - -   (5.15) 

Parameters directly controlled in the flash vessel model are the flash vessel level, flash vessel 

pressure, pressure downstream of the first pressure control bank, and pressure downstream of the 

chiller valve. 
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Chapter 6 NHES Dynamic Simulation Results 

The goal of this work is to eliminate stressors on the reactor associated with load follow operation by 

storing thermal energy during periods of excess reactor capacity in a TES system to be recovered at a 

later time. To fully demonstrate such capabilities several sets of simulations were performed. The first 

set of simulations show the systemôs ability to move stressors away from the primary and secondary 

sides of the reactor system over to the TES system. The second set demonstrates the ability of TES 

systems to operate as electrical peaking units. The last set of simulations demonstrates the potential for 

ancillary applications ranging from chilled water production to desalination. For these simulations an 

mPower style reactor with the geometry and design parameters specified in Table 2.1 was utilized. TES 

design parameters and set point values are given in Table 6.1. For all simulations the term ñelectric 

demandò refers to the net demand required of the Reactor/TES system.  

Table 6.1: TES Design Parameters for connection with an mPower size IPWR 

Parameter Value 

TES Fluid Therminol®-66 

Hot Tank Volume 226,535 m3  

Cold Tank Volume 226,535 m3 

IHX Reference Exit Temperature 260 ǓC  (500 ǓF) 

Number of TBVôs 4 

TES Maximum Steam Accommodation ~45% nominal steam flow 

Pressure Relief Valve Upper Setpoint 5.377 MPa (780 psia) 

Pressure Relief Valve Lower Setpoint 5.240 MPa (760 psia) 

Turbine Header Pressure 5.688 MPa (825 psia) 

Shell Side (outer loop) IHX Volume 101.94 m3 (3600 ft3) 

Number of Tubes 19140 

Length of Tubes 11.25 m  (36.9 ft) 

Tube Inner Diameter  0.013 m  (0.044 ft) 

Tube Outer Diameter 0.018 m  (0.058 ft) 

Steam Dome Reference Pressure 1.379 MPa (200 psia) 

Steam Dome Volume  509.7 m3 (18000 ft3) 

LPT reentrance point 1.207 MPa (175 psia) 

TES Steam Generator tube count 32761 

TES Steam Generator volume 42.475 m3 (1500 ft3) 

TES Steam Generator Height 9.144 m (30 ft) 

TES Steam Generator Thermal Conductivity 10.3 Btu/hr-ft-ǓF 

TES Steam Generator pitch to diameter ratio  1.606 
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Components on the charging system were designed to accommodate 45% nominal steam flow from an 

mPower size IPWR while maintaining IHX pressure above 4.826MPa (700 psia). Discharge 

components were sized to accommodate approximately 45MWe of peaking capacity assuming a 33% 

balance of plant conversion rate. 

6.1 Charging System Capability 

The first set of simulations highlights the advantage of having a thermal storage system attached to the 

reactor as opposed to simply operating the reactor in load follow mode. These simulations focus only 

on the charging mode of the TES system. Operation of the TES system as a peaking unit will be 

discussed later. A 24-hour simulation was run with an electric load profile representative of a typical 

summer day in an area with mixed commercial and residential characteristics [3]. The load profile has 

been scaled such that the minimum load is approximately 60% of nominal full power. Time zero 

corresponds to midnight. A 24 hour cycle was chosen because it is the minimum amount of time 

required to show a full daily cycle for a region during a season. Week or month long runs will show the 

same general trends as the daily cycle with the only distinction being in tank level. 

6.1.1. Load Follow Operation 

As a basis for comparison, the SMR is operated in Load Follow mode, where the reactor power is 

modulated to match the electric demand. As shown in Figure 6.1 and Figure 6.2, the system is able to 

maneuver such that the turbine output is effectively identical to the electric demand, and the reactor 

power follows the load.  For this simulation, a constant Tave program was assumed with the 

corresponding control rod positions given in Figure 6.4.  Four control banks are modeled.   At the 

beginning of the maneuver, banks A-C are fully withdrawn, with D bank approximately 50% inserted.  

Over the course of the maneuver bank D moves to its full out position, and by the end of the transient 

has returned to its approximate starting point.  The average primary coolant temperature varies by 4 

degrees Celsius over the course of the run as illustrated in Figure 6.5. The changes in core coolant 

temperatures, along with changes in core power distribution and associated fuel temperatures add 

additional thermal stresses to the system, especially if repeated for multiple cycles. Figure 6.6 gives the 

variation in steam generator dryout location. Over the course of the simulation the dryout location varies 

by 15% of the tube length. The dryout location represents a sharp temperature gradient, and repeated 

cycling of this location can induce stresses that decrease the lifetime of the steam generator tubes. Of 

additional interest is the steam pressure downstream of the TCV (Turbine Impulse Pressure).  As stated 

previously, steam conditions at this location are a strong function of the load profile and create 
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additional challenges if connections to the TES system are made downstream of this point.  Variations 

in turbine impulse pressure directly impact the downstream pressures at all turbine taps and as a result 

impact feedwater temperature as illustrated in Figure 6.8.  Cycling of feed temperature adds additional 

stresses to the steam generator tubes.  

 

Figure 6.1: Turbine Output and Demand 

 

 

Figure 6.2: Reactor Power 

 

 

 

Figure 6.3: Steam Pressure 

 

 

Figure 6.4: Control Rod Position 
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Figure 6.5: Primary Temperatures 

 

 

Figure 6.6: Steam Generator Dryout Location 

 

 

 

Figure 6.7: Turbine Control Val ve Position (all TCVs 

move to same position) 

 

 

Figure 6.8: Temperature of feed water entering bottom 

of Steam Generator 

 

 

6.1.2. Reactor Coupled with TES Storage System (Charging only Operation) 

The same 24 hour run was simulated with the TES system active.  As illustrated in Figure 6.9 and 

Figure 6.10, the plant is able to maneuver such that the electric demand is satisfied while keeping reactor 

power effectively constant.  Since reactor power and reactor coolant temperatures were essentially 

constant, this maneuver could be executed without control rod movement and thermal stresses 

associated with changes in temperatures and power distributions. The corresponding bypass flow to the 

TES system is shown in Figure 6.13.  As would be expected, the bypass flow rate is essentially the 
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inverse of the load profile. The steam generator dryout location varies by only 2% of the steam 

generator tube length for this simulation as compared with the 15% variation present during straight 

load follow.  The TES fluid flow rate is shown in Figure 6.14 and closely follows the bypass flow rate.  

Steam generator and turbine impulse pressure are essentially unchanged from the Load Follow 

simulations. 

 

Figure 6.9: Turbine Output and Demand 

 

 

Figure 6.10: Reactor Power 

 

  

 

 

Figure 6.11: Primary Temperatures 

 

 

Figure 6.12: Steam Generator Dryout Location 

 

 



57 

 

  

 

Figure 6.13: Bypass Flow into TES system 

 

 

Figure 6.14: Flow of TES Fluid from Cold Tank to Hot 

Tank 

 

  

 

Figure 6.15: Hot and Cold Tank Levels 

 

 

Figure 6.16: TES Temperatures 

 

Figure 6.16 demonstrates that the flow controller for the TES flow control valve (FCV) is effective in 

keeping the IHX exit fluid temperature at its target value.  The hot and cold storage tank levels are 

given in Figure 6.15.  For the load profile considered here, the tanks have more than enough capacity 

to accommodate the excess thermal energy in the system. 
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6.1.3. Reactor Coupled with TES Storage System and intermittent renewables  

An advantage of the TES system is the ability to accommodate the presence of intermittent energy 

sources on the grid, particularly solar energy generation that can vary depending on time of day or cloud 

cover. To illustrate these effects the load profile was modified to reflect upwards of 40MWe installed 

solar capacity as shown in Figure 6.17 and Figure 6.18. Over the course of the simulation, turbine load 

is met while thermal power stays approximately constant as illustrated in Figure 6.19 and Figure 6.20. 

The response of other system parameters is similar to that shown previously for the typical summer 

day. The TES system has the capacity to charge for the full 24 hour run as tank levels go from 30% to 

57%, shown in Figure 6.22.  Similar results have been obtained for a variety of load profiles with 

varying levels of renewable resources [48]. 

 

 

Figure 6.17: Typical Solar Output for a Summer Day 

 

 

Figure 6.18: Demand profiles of a Typical Summer Day 

with and without Solar 
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Figure 6.19: Turbine Load and Output 

 

 

Figure 6.20: Reactor Power 

 

 

 

Figure 6.21: Auxiliary Bypass Flow 

 

 

Figure 6.22: Hot and Cold Tank Levels 

 

 

6.2 Electrical Peaking Unit  

The ñcharging onlyò results show the advantages of having a TES system attached to the reactor as a 

means of heat storage and load variability control. This second set of simulations highlight the TES 

systemôs ability to operate as an electrical peaking unit. The electrical peaking unit is designed to 

accommodate ~35MWe peaking potential. To give a representative charge/discharge cycle the 24-hour 

electric load for a typical summer day was scaled so that for a typical summer day the integral amount 

of energy spent charging is 52.5% of the total energy spent charging and discharging as illustrated in 

Figure 6.23. The deployability of these systems necessitates that a single design be able to 
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accommodate a large range of load profiles. To test this capability, three scenarios were run: a typical 

summer day, a typical summer day with 15% (31.76Mwe) maximum solar penetration to the grid, and 

a typical winter day. For these runs the amount of therminol-66 in the tanks has been drastically reduced 

from the charging only model since the cost of this fluid is substantial [49]. Rather than having enough 

TES fluid to fill 226,500m3 (height=18.28m) the volume has been reduced to 61,164m3 

(height=18.28m). It should be noted that a load profile could be chosen purely for economic reasons. 

A system with this storage capacity could operate to store heat during times of low electric prices and 

then discharge during times of high electric prices. Simulations run here assume the system is the main 

source of power as opposed to a piece in a larger network where such a dispatch strategy is feasible. 

 

Figure 6.23: Electric Demand for a Typical Summer Day in a region scaled for charge/discharge operation with 

standard residential and commercial electrical needs. 

 

6.2.1. Typical Summer Day 

As illustrated in Figure 6.24 and Figure 6.25, the TES system is able to maneuver such that the electric 

demand is satisfied while keeping reactor power effectively constant. As the demand begins to exceed 

the maximum nominal turbine output of 180 MWe the peaking unit activates as shown in Figure 6.33. 

The primary and secondary loops of the reactor remain unchanged from when the system was operated 

in the charging only mode as seen in Figure 6.26 and Figure 6.27. Bypass flow into the charging system, 

illustrated in Figure 6.28, is approximately an x-axis reflection of the load profile up until the load 

reaches the nominal ñratedò output of 180MWe. At this point the charging mode shuts off and the 

electrical peaking mode automatically activates. The mass flowing from the cold tank to the hot tank 

follows this same shape as seen in Figure 6.29. From about 8am to 9pm the system is operating as an 
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electrical peaking unit as illustrated in Figure 6.33. During this time the mass flow from the hot tank to 

the cold tank is modulated to ensure the electrical demand is being met as seen in Figure 6.32. Over the 

course of the day the tank levels oscillate about 25% of maximum, arriving back at approximately the 

same level as at the start of the day as illustrated in Figure 6.30. The TES fluid temperature entering 

the hot tank is maintained at the reference set point as seen in Figure 6.31.  

 

Figure 6.24: Turbine Load and Output 

 

 

Figure 6.25: Reactor Power 

 

 

 

Figure 6.26: Primary Loop Temperatures 

 

 

Figure 6.27: Steam Generator Dryout Location 
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Figure 6.28: Auxiliary Bypass Flow 

 

 

Figure 6.29: Flow of TES Fluid from Cold Tank to Hot 

Tank 

 

 

 

Figure 6.30: Hot Tank and Cold Tank Level  

 

 

Figure 6.31: TES Fluid Temperature 
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Figure 6.32: Flow of TES Fluid from Hot Tank to Cold 

Tank 

 

 

Figure 6.33: Electrical Peaking Output 

 

 

6.2.2. Typical Summer Day with 15% Solar Penetration 

For this simulation, 15% solar PV is assumed along with the reactor and TES system operating as an 

electric peaking unit. Figure 6.34 and Figure 6.35 show the TES system is able to maneuver such that 

the electric demand is satisfied while keeping reactor power effectively constant. The primary and 

secondary loops of the reactor remain unchanged. As before bypass flow into the charging system, 

illustrated in Figure 6.36, is approximately an x-axis reflection of the load profile up until the load 

reaches the nominal turbine ñratedò output of 180MWe. At this point the charging mode automatically 

shuts off and the electrical peaking unit turns on. The mass flow from the cold tank to the hot tank 

follows this same shape as seen in Figure 6.37. The TES fluid temperature entering the hot tank is 

maintained at the reference set point as seen in Figure 6.39 throughout the course of the day. Once 

demand goes above 180MWe the system is operating as an electrical peaking unit. During this time the 

mass flow from the hot tank to the cold tank is modulated to ensure the electrical demand is being met 

as shown in Figure 6.40. Over the course of the day the tank levels oscillate about 50% of maximum 

arriving at a new point that is much higher than at the start of the day, as illustrated in Figure 6.38. This 

means that the system as sized would not be suitable as a long term solution with this amount of solar 

penetration. However, should this be the desired operating mode then the combined system would be 

designed such that the charging mode would operate less, either through grid design or through addition 

of ancillary applications.  
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Figure 6.34: Turbine Output and Demand 

 

 

Figure 6.35: Reactor Power 

 

 

  

 

 

Figure 6.36: Auxiliary Bypass Flow 

 

 

Figure 6.37: Flow of TES Fluid from Cold Tank to Hot 

Tank 
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Figure 6.38: Hot Tank and Cold Tank Level 

 

 

Figure 6.39: TES Fluid Temperature 

 

 

 

Figure 6.40: Flow of TES Fluid from Hot Tank to Cold 

Tank 

 

 

Figure 6.41: Electrical Peaking Output 

 

  

6.2.3. Winter Day 

Along with typical diurnal electric demand there is also seasonal demand. The 24-hour simulation 

below is that of a typical winter day in the southeast United States [50]. As illustrated in Figure 6.42 

and Figure 6.43 the load is met throughout the entire day while maintaining reactor thermal power at 

the nominal level, just as in the summer day simulations. Primary and secondary loop dynamics remain 

unchanged from previous TES system runs. The bypass flow into the intermediate heat exchanger and 

the flow from the cold tank to the hot tank is approximately an x-axis reflection of the load up to the 
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180MWe line, as seen in Figure 6.44 and Figure 6.45.  Over the course of the day the tank levels 

oscillate about 25% with the hot tank being about 12-13% fuller than at the start of the day. The 

temperature of the fluid leaving the top of the IHX going into the hot tank is held at the reference 

setpoint temperature of 260ǓC (500ǓF). Figure 6.48 and Figure 6.49 show that when demand increases 

above the 180MWe nominal reactor limit the electrical peaking unit turns on and fluid is released from 

the hot tank to heat fluid in the OTSG.  

 

Figure 6.42: Turbine Output and Demand 

 

 

Figure 6.43: Reactor Power 

 

 

 

Figure 6.44: Auxiliary Bypass Flow 

 

 

 

Figure 6.45: Flow of TES Fluid from Cold Tank to Hot 

Tank 
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Figure 6.46: Hot Tank and Cold Tank Level 

 

 

Figure 6.47: TES Fluid Temperature 

 

 

 

Figure 6.48: Flow of TES Fluid from Hot Tank to Cold 

Tank 

 

 

Figure 6.49: Electrical Peaking Output 

 

 

6.3 Extended Runs 

To further show the robustness of the system and the impact of tank sizing (61,164 m3), the system was 

subjected to three different three day runs. The first run is three consecutive summer days with 15% 

solar PV, the second run is three typical summer days with 15% solar PV where the third day is cloudy, 

and the third run is three winter days with 15% solar PV where day two is cloudy. On cloudy or rainy 

days solar panels are assumed to run at only 10% capacity [51]. These runs highlight the versatility of 

the system over time and that the assumed tank sizing is appropriate to accommodate such loads.  For 
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these runs the systems electric demand was shifted upward so that on a typical summer day with 15% 

solar penetration the hot tank fills more than the cold tank. This allows the system to be more adaptable 

to times of low solar output (e.g. rain or cloud cover).  

6.3.1. Three Summers Days with 15% Solar Penetration 

The first of the simulations is three consecutive sunny summer days with 15% solar penetration. Figure 

6.50 and Figure 6.51 demonstrate that load is met throughout the entire 72 hour run while maintaining 

nominal reactor thermal power. Bypass flow into the TES system and TES fluid flow from the cold 

tank to the hot tank is roughly the inverse of the load as shown in Figure 6.52 and Figure 6.53. Figure 

6.54 illustrates the oscillatory nature of the tank levels over the course of the three day run, with the hot 

tank ending up 30% fuller at the end of day three than at the start of day one. Cold tank temperature is 

not controlled and over the three day run the cold tank temperature fluctuates about five degrees Celsius. 

However, TES fluid temperature entering the hot tank is still maintained at the reference set point as 

seen in Figure 6.55.  

 

Figure 6.50: Turbine Output and Demand 

 

 

Figure 6.51: Reactor Power 
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Figure 6.52: Auxi liary Bypass Flow 

 

 

Figure 6.53: Flow of TES Fluid from Cold Tank to Hot 

Tank 

 

 

 

Figure 6.54: Hot and Cold Tank Level 

 

 

Figure 6.55: TES Fluid Temperature 

 

 

6.3.2. Three Summer Days with 15% Solar Penetration  (Third Day Cloudy) 

The second of the simulations is three summer days with 15% solar penetration where the third day is 

cloudy, thus limiting the solar output. Figure 6.56 and Figure 6.57 demonstrate that load is met 

throughout the entire 72 hour run while maintaining nominal reactor thermal output. Bypass into the 

TES system and TES fluid flow from the cold tank to the hot tank is roughly the inverse of the load as 

shown in Figure 6.58 and Figure 6.59. Figure 6.60 demonstrates the effect of a cloudy day on realigning 

tank levels. During the first two sunny days, when nominal solar output is present, the hot tank goes 

from 50% full to about 70% full. However, the following 24 hours when only 10% nominal solar output 
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is available the additional peaking requirements causes the hot tank to drop to ~40% full. This weather 

variability necessitates the need for additional charging on days when nominal renewable output is 

available. The TES fluid temperature entering the hot tank is again maintained at the reference set point 

as seen in Figure 6.61. 

 

 

Figure 6.56: Turbine Output and Demand 

 

 

Figure 6.57: Reactor Power 

 

 

Figure 6.58: Auxiliary Bypass Flow 

 

 

Figure 6.59: Flow of TES Fluid from Cold Tank to Hot 

Tank 
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Figure 6.60: Hot Tank and Cold Tank Level 

 

 

Figure 6.61: TES Fluid Temperature 

 

 

6.3.3. Three Winter Days with 15% solar penetration  

In addition to typical diurnal electric demand there is also seasonal demand. To further test system 

versatility, a three day winter run was completed with 15% solar penetration. The first and third days 

are sunny days with nominal solar output while the second day is rainy and overcast. It can be seen in 

Figure 6.62 and Figure 6.63 that the load is met while reactor power is maintained at approximately 

100%. Mass flows through the TES system and tank levels are shown in Figure 6.64 through Figure 

6.66. TES exit fluid temperature is maintained at the reference 260C throughout.   

 

Figure 6.62: Turbine Output and Demand 

 

 

Figure 6.63: Reactor Power 
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Figure 6.64: Auxiliary Bypass Flow 

 

 

Figure 6.65: Flow of TES Fluid from Cold Tank to Hot 

Tank 

 

 

 

 

Figure 6.66: Hot Tank and Cold Tank Level 

 

 

Figure 6.67: TES Fluid Temperature 

 

 

6.4 Steam Applications 

As opposed to using the TES system to supplement electric demand the system can alternatively be 

used for process steam applications. These applications include chilled water production and water 

desalination. Desalination can be accomplished through two main methods. One is Reverse Osmosis 

which just requires electrical input. Multi-stage flash desalination on the other hand requires a constant 

steam supply [12]. Another process considered is chilled water production using absorption chillers; 

this process requires low temperature, low pressure steam.  
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6.4.1. Multi -Stage Flash Desalination 

Multi -stage flash desalination is a process that requires constant steam supply. The desalination process 

simulated is a 24 stage MSF system used to produce 7.2 MGD of product water requiring 189,100 kg/hr 

of steam at approximately 25 psia [52].  To show the capabilities of the TES system when configured 

to produce process steam, a 24 hour desalination run was simulated starting at midnight of a typical 

summer day with 226,500 m3 tanks. While operating under these conditions, the TES system is both 

charging and discharging simultaneously. Over the 24 hour simulation period, turbine load and reactor 

power were kept at approximately 100% as shown in Figure 6.68 and Figure 6.69. Illustrated in Figure 

6.70 bypass flow into the IHX is an x-axis reflection of the load as expected.  TES fluid temperature 

entering the hot tank is maintained at the reference temperature and the target steam flow is met 

throughout the run. For this 24 hour simulation a 226,500m3 tank size is sufficient for a single day. 

However, to support this level of continuous desalination in the long term would require the tanks to 

be sized consistent with expected daily demands.  However, these results show that a TES system 

operating in conjunction with MSF desalination while simultaneously charging and discharging is 

feasible and capable of maintaining reactor power at 100%. 

 

Figure 6.68: Turbine Output and Demand 

 

 

Figure 6.69: Reactor Power 
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Figure 6.70: Auxiliary Bypass Flow 

 

 

Figure 6.71: Hot Tank and Cold Tank Level 

 

 

 

Figure 6.72: TES Fluid Temperature 

 

 

Figure 6.73: Ancillary Steam Demand and Flow 

 

 

6.4.2. Chilled Water Production coupled to Flash Vessel Model 

The large amount of condensate collected in the IHX hot well, provides additional opportunities for 

applications that can utilize low grade heat.  This low grade heat is perfect for absorption chillers. This 

section explores coupling a chilled-water storage system to the flash vessel model. Previous studies 

completed by Misenheimer [53] have shown that using steam from a low-pressure turbine tap to supply 

absorption chillers is unable to significantly offset load variations and due to variations in steam 

conditions down stream of the turbine control valves is limited to narrow bands of operation. The flash 

vessel configuration has several benefits over the low-pressure turbine tap configuration. Specifically, 



75 

 

the flash vessel system enables use of condensate that would normally be dumped to the condenser. In 

addition, the various pressure control valves in Figure 5.1 modulate to maintain steam pressure sent to 

the chillers roughly constant, thereby ensuring more ideal absorption chiller operation. As mentioned 

in Chapter 1 absorption chillers are used in conjunction with a stratified chilled-water storage tank to 

offset cooling loads synonymous with an office space. Misenheimer [47] ran simulations showing 

absorption chiller performance when connected to the flash vessel model developed here. Runs were 

completed with electric demand identical to the load profile depicted in Figure 6.1 for a typical summer 

day. Further simulation details are available in Table 6.2.   

Table 6.2: Absorption Chiller and Flash Vessel Parameters. 

Parameter Value 

Number of 4,843 kW absorption chillers 4 

Stratified chilled-water storage tank capacity  18,827 m3 (5,000,000 gallons) 

Size of conditioned office space 92,903 m2 (1,000,000 ft2) 

Evaporator flow rate 0.208 m3/s (3,305 gpm) 

Condenser flow rate 0.31248 m3/s (4,960 gpm) 

Number of 3,407 kW cooling towers 13 

Chiller valve open setpoint  Tank below 25% 

Chiller valve close setpoint Tank above 98% 

Flash vessel volume 3,398 m3 (120,000 ft3) 

Flash vessel condensate level setpoint 3.353 m (11 ft) 

PCV1; PCV2; PCV3; PCV4 setpoint 241; 241; 248; 255 kPa (35; 36; 36; 37 psia) 

Pimpulse2 setpoint 212 kPa (30.7 psia) 

Pchiller setpoint 193 kPa (28 psia) 
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Figure 6.74: Facility cooling demand 

 

 

 

 

Figure 6.75: Mass flow rates 

 

 
Figure 6.76: Flash vessel system pressures 

 
Figure 6.77: Stratified chilled-water storage tank level 
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Figure 6.78: Absorption chiller capacity 

 
Figure 6.79: Condensate level in flash vessel 

 

Simulation results run by Misenheimer [47] are depicted in Figure 6.75 through Figure 6.79. The 

simulations begin at midnight. The amount of mass flow into the flash vessel is governed by the 

operation of the ACV in the condensate line between the IHX of the TES system and the flash vessel. 

The ACV modulates to maintain condensate level in the IHX hotwell constant. Therefore, the 

condensate mass flow rate to the flash vessel, shown in Figure 6.75, is roughly the x-axis inverse of the 

electric demand curve illustrated in Figure 6.1, and a maximum during periods of low electric demand. 

The bank of four pressure control valves move based on their specific pressure setpoints in order to 

keep pressure in the flash vessel approximately constant. Each pressure control valve in the bank of 

four leaving the flash vessel is equipped with a unique setpoint, provided in Table 6.2. This control 

strategy enables the pressure in the flash vessel to stay roughly constant over the course of the 

simulation, as depicted in Figure 6.76. Meanwhile, Figure 6.79 shows that the LCV successfully 

modulates to maintain a fixed level of condensate in the flash vessel.   

The success of the control strategies surrounding the flash vessel model enables near constant pressure 

steam to be delivered to the absorption chillers. As a result, the absorption chillers are able to achieve 

capacities in excess of 100%, as shown in Figure 6.78. High absorption chiller capacities mean that 

reduced chilled-water flow rates are not necessary in order to chill the water below the 7.2oC 

temperature threshold for storage and satisfying local facility cooling loads. The use of nominal chilled-

water flow rates is twofold: the stratified chilled-water storage tank can be charged faster, and tank 

losses from mass and temperature diffusion across the thermocline are reduced at higher inlet and outlet 

storage tank flow rates. Lastly, four absorption chillers can consume a significant portion of the steam 

produced from flashing the high-pressure condensate in the flash vessel. Once the chilled water storage 
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tank becomes full, the absorption chillers are ramped down, and chilled-water in the tank is sent to the 

facility to satisfy HVAC loads.  When the level in the tank falls below its lower setpoint, the chiller 

valve opens, the absorption chillers warmup, and chilled water is sent to the tank for storage. Unlike 

the low-pressure turbine tap configuration, the absorption chillers achieve nominal capacities during 

times of excess reactor capacity. Results demonstrate the ability to maintain the reactor thermal output 

at 100% and match turbine output with an electric demand profile characteristic of a typical summer 

day down to 60% load, while simultaneously using four large absorption chillers to charge a 18,927 m3 

stratified chilled-water storage tank to offset HVAC loads of an adjacent office space. Further studies 

completed by Misenheimer [47] on the functionality of this configuration have shown that using this 

configuration allows the absorption chiller system to piggyback on the existing TES reactor 

configuration throughout all foreseeable load profiles [47].  
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Chapter 7 Accident Scenarios 

The addition of the TES System inherently increases the potential number of accident scenarios. A 

reactor trip results in lost hours of operation and profits and subjects the reactor to significant thermal 

and mechanical stresses. Thus, a TES caused trip would essentially eliminate the benefits of its addition. 

This section focuses on potential TES system accident scenarios and how different accident scenarios 

affect the reactor system. Accident scenarios considered are: auxiliary bypass valve tripped open, flow 

control valve tripped open, and hot tank full .  Since the purpose of these simulations is to examine 

system behavior in the presence of TES component failures, rather than perform a Chapter 15 type 

safety analysis, normal control functions not associated with the failure were assumed to be active.    

While not exhaustive, these upsets provide some insight into potential threats to reactor safety due to 

the addition of the TES system.  Reactor system trip set points outlined in Table 7.1 are consistent with 

the IRIS reactor [54], modified to reflect the different operating conditions of the mPower system. The 

system is configured as an electrical peaking unit consistent with simulations from Chapter 6. 

Table 7.1: Reactor System Trip Setpoints [54]. 

Trip  Value 

High Neutron Flux (% Nominal)  118 

Low Reactor Coolant Flow (% Nominal) 87 

Hogh Pressurizer Pressure (MPa) 16.64 (2414psia) 

High Feedwater Flow (% Nominal) 108 

Low Feedwater Flow (% Nominal) 75 

Low Pressurizer Pressure (MPa) 13.79 (2000psia) 

High Pressurizer Level (%) 95 

Low Steam Generator Exit Temp (ǓC) 276.6  (530ǓF) 

 

7.1 Auxiliary Bypass Valve Trips Open 

The first accident scenario considered is one of the auxiliary bypass valves that connects the pressure 

equalization header with the TES charging system failing open. The bank of auxiliary bypass valves is 

a direct connection between the TES system and the reactor BOP. The most limiting case would occur 

with the valve going from full closed to full open. Since the bypass valves are normally open during 

times of low load it is more limiting to assume the valve fails open with the turbine at 100% load. This 

accident can be broken up into three distinct phases: Immediate effects [0 seconds, ~3 seconds], 

Intermediate effects [3 seconds, 18 seconds], and long-term effects [18 seconds, 58 seconds]. 
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Immediate Effects [0 seconds, ~3 seconds] 

At time zero one of the four banked auxiliary bypass valves fails open (Figure 7.1). As illustrated in 

Figure 7.2 the mass flow rate from the steam generator to the IHX increases causing the pressure in the 

steam generator to decrease (Figure 7.3). Even though steam flow exceeds feed flow (Figure 7.4), 

increased vapor generation due to depressurization causes a short term increase in the steam generator 

dryout location (Figure 7.5) and corresponding reduction in the steam generator exit temperature 

(Figure 7.6).  

This initial increase in dryout position and reduction in secondary side pressure causes the primary 

coolant temperature to drop as the heat transferred to the secondary side increases (Figure 7.7). This 

drop in coolant temperature coupled with a large negative moderator temperature coefficient causes 

reactor power (Figure 7.8) to increase. The slight delay in this power increase is associated with the 

thermal time constant of both the fuel and primary coolant system. 

Intermediate Effects [3 seconds, 18 seconds] 

As steam generator pressure drops, the TCVôs close to reestablish pressure control in the steam 

generator (Figure 7.9). Closing the TCVs reduces steam flow, turbine impulse pressure and turbine 

output as seen in Figure 7.3, Figure 7.4,and Figure 7.10.  Following the short term increase in boiling 

length, steam flow in excess of feed flow results in a reduction in the boiling length and corresponding 

increase in the steam generator exit temperature.     

Longterm Effects [18 seconds, 58 seconds] 

Diversion of steam through the TBV results in turbine output not meeting demand (Figure 7.10). This 

causes the FCV to open to let more feed flow into the steam generator (Figure 7.14).  Feed flow exceeds 

steam flow (Figure 7.4) increasing the dryout location (Figure 7.5). As the dryout location increases 

this leads to more surface area for effective heat transfer between the primary and secondary sides and 

ultimately leads to lower moderator temperatures and a higher average reactor power as reactor power 

tries to match the increased steam demand. Control rod motion is governed by two error signals, the 

first being the difference between average moderator temperature (Tave) and reference Tave (-) and the 

second being the difference between relative reactor power and relative turbine output (+). Control rod 

motion is limited due to the compensating effects of these two error signals (Figure 7.11).  As the dryout 

location increases, this ultimately leads to the steam generator exit temperature decreasing to the point 

that the reactor is tripped at 58 seconds to ensure the steam generator does not overfill (Figure 7.6). 
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Increases in reactor power result in a decrease in Minimum DNB Ratio (Figure 7.12) and in increase in 

maximum fuel centerline temperature (Figure 7.13), though neither approach typical thermal limits. 

 

Figure 7.1: Auxiliary Bypass Valve Position 

 

 

Figure 7.2: Auxiliary Bypass flow into IHX  

 

 

 

Figure 7.3: Steam Generator Pressure 

 

 

Figure 7.4: Steam Generator Flow Rates 
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Figure 7.5: Steam Generator Dryout Location 

 

 

Figure 7.6: Steam Generator Exit Temperature  

 

 

 

 

Figure 7.7: Primary Temperatures 

 

 

 

Figure 7.8: Reactor Power 
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Figure 7.9: Tur bine Control Valve Positions 

 

 

Figure 7.10: Turbine Output and Demand 

 

 

 

 

Figure 7.11: Control Rod Position 

 

 

Figure 7.12: Minimum DNB Ratio  
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Figure 7.13: Fuel Centerline Temperature 

 

 

Figure 7.14: Feed Control Valve Position 

 

 

7.2 TES Flow Control Valve Trips Open 

An accident scenario unique to the addition of a Thermal Energy Storage System is if  the flow control 

valve between the cold tank and the hot tank were to fail open. This scenario is most limiting at low 

power levels when the TES TBVs are open.  

For this case the system is initially running at 88% capacity.  This corresponds to a turbine output of 

158.4 MWe. At time zero the FCV is instantly forced to full open as illustrated in Figure 7.16. Instantly, 

the mass flow between the cold tank and hot tank increases drastically thus increasing the heat transfer 

between the tube and shell sides. This increase in heat transfer leads to depressurization in the 

intermediate heat exchanger as shown in Figure 7.17. This depressurization allows for more bypass 

flow into the IHX ultimately leading to a slight decrease in steam generator pressure seen in Figure 

7.20.  This decrease in pressure causes an increase in heat transfer between the primary and secondary 

sides and a slight decrease in primary temperature. This leads to the minor increase in reactor power 

seen in Figure 7.15.  However, this increase is less than a megawatt and insignificant. The slight 

increase in reactor power leads to a slight increase in steam generator pressure (Figure 7.20) causing 

the TCVs to open (Figure 7.22) therefore causing an increase in the steam flow rate (Figure 7.21) and 

turbine output over the initial 200 seconds of the simulation (Figure 7.19). 

Ultimately, the TES FCV being full open continues to depressurize the TES system until it reaches 

equilibrium at 220ǓC. Bypass is still being sent to the TES system, however because the TES FCV is 

full open there is no temperature control on the hot tank (Figure 7.18). In addition, as the TES TBV 
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controller is active, the reactor is maintained at 100% power and the load is being met. The end result 

is that the hot tank fills to capacity.  Until this occurs this upset has little effect on the reactor.   

 

 

Figure 7.15: Reactor Thermal Output 

 

 

Figure 7.16: Flow Control Valve Position 

 

 

 

Figure 7.17: Pressure of the Intermediate Heat Exchanger 

 

 

Figure 7.18: TES fluid temperature  
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Figure 7.19: Turbine Output and Demand 

 

 

Figure 7.20: Steam Generator Pressure 

 

 

 

Figure 7.21: Steam Generator Steam Flow Rate 

 

 

Figure 7.22: Turbine Control Valve Positions 

 

 

7.3 Hot Tank Fills Up 

The last scenario to be considered is when the hot tank fills to capacity and bypass flow is still being 

sent to the Intermediate Heat Exchanger. This condition will be most limiting at low power levels when 

the bypass demand is at its greatest. Simulation parameters for this run are as follows: Turbine Demand 

stable at 88% nominal load, hot tank 94% full with a stop valve set point of 95% full. For the first 700 

seconds of the simulation everything runs normally. At 700 seconds the stop valve between the cold 

tank and hot tank closes as shown in Figure 7.24, stopping all flow in the line to ensure the hot tank 

does not overfill (Figure 7.28). At this point the heat transfer between the tube side and shell side of the 
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IHX is insufficient to condense the steam being sent into the intermediate heat exchanger. The pressure 

in the IHX rises rapidly until the pressure relief valve setpoint is hit as illustrated in Figure 7.25. At this 

point the PRV opens until the lower pressure setpoint is reached and the PRV closes. This oscillatory 

behavior continues indefinitely and ultimately causes the reactor power and load to oscillate in the same 

manner. However, the oscillations are not severe enough to trip the reactor. These oscillations will 

cause thermal and mechanical stress on the reactor but once these oscillations are recognized the TES 

system could be forced offline by an operator manually forcing the TES TBVs closed.  One could also 

introduce an interlock system into the TES TBVs whereby if the stop valve closes the TES TBVs close. 

This would effectively put the reactor back in load follow mode.  Finally, as opposed to the simple 

open/closed logic assumed here, the IHX PRVôs could be programmed to modulate as conventional 

pressure control valves eliminating the oscillatory behavior. 

 

 

Figure 7.23: Reactor Thermal Power 

 

 

Figure 7.24: Stop Valve Position 
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Figure 7.25: Pressure in the Intermediate Heat Exchanger 

 

 

Figure 7.26: Steam Generator Pressure 

 

 
 

 

Figure 7.27: Turbine Output and Demand 

 

 

Figure 7.28: Tank Levels 
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Chapter 8 Conclusions  

If SMRs are to be deployed in conjunction with intermittent power sources such as wind and solar, load 

variations can be significant. Current SMR designs allow for bypass off the pressure equalization 

header prior to the turbine control valves thus providing approximately constant steam conditions 

perfect for sensible heating thermal energy storage systems. This study investigates the prospect of 

coupling existing small modular reactor designs with a two-tank sensible heat thermal energy storage 

system to minimize power swings during periods of variable electric load.  

The results presented demonstrate the feasibility of using TES systems coupled to Small Modular 

Reactors to minimize power swings during periods of variable electric load. During times of low 

electric demand, excess steam is bypassed into the TES system at a rate sufficient to maintain full 

reactor power. The thermal energy can be recovered later for either electric peaking or ancillary 

applications requiring steam such as multistage flash desalination.  

Furthermore, it has been shown that the addition of the sensible heat storage system provides a source 

of high pressure, low grade heat that can be utilized for other process steam applications such as chilled-

water production. The additional ancillary applications increase the overall efficiency of the system 

increasing its economic benefit.  

Coupling the TES system to the reactor inherently introduces potential accident scenarios. Of the 

limited accident scenarios considered only TES TBV valve failure caused any significant concern. 

However, existing reactor trip set points caught the failure and tripped the reactor on low steam 

generator exit temperature. The other two accidents: hot tank fill up and TES FCV failure produced 

only minor perturbations in nominal system parameters.  

With the implementation of these TES systems, decreases in capacity factor and increased stresses on 

plant components associated with load follow operation can be minimized, improving economic 

return over the lifespan of the reactor. 

.  
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TES Standalone System Response 

9.1 NuScale Size System 

The system was designed to accommodate 85% steam dump from a NuScale size system for 24 hours. 

To accommodate this demand, large storage tanks were installed. To ensure that neither tank over 

pressurizes the combined amount of TES fluid in both the hot and cold tanks is slightly less than what 

either one could hold on their own.  System design parameters are given in Table 9.1. 

Table 9.1: NuScale Size System Parameters 

Parameter Value 

TES Fluid Therminol®-66 

Hot tank Volume 2,000,000 ft3 

Cold Tank Volume 2,000,000 ft3 

IHX reference Exit Temperature 500F 

Number of TBVôs 4 

TES maximum steam accommodation 85% Nominal conditions of NuScale size reactor 

Pressure Relief Valve Upper Setpoint 780 psi 

Pressure Relief valve Lower Setpoint 735 psi 

Turbine Header Pressure 825 psi 

Shell Side (outer loop) IHX Volume 755.443 ft3 

Number of tubes 12190 

Length of tubes 36 ft 

Tube Inner Diameter  0.044 ft 

Tube Outer Diameter 0.058 ft 

Mass of Hot Tank Fill Gas 1.122x105 lbm 

Mass of Cold Tank Fill Gas  1.309x105 lbm 

Temperature of Cooling Water 50F 

Volume of Condenser (Shell Side) 7607 ft3 

Number of tubes in Condenser  76824 

Length of tubes in Condenser 24.1ft 

Mass Flow of Cooling Water 3.411x107 lbm/hr 

Condenser Tube Inner Diameter 0.044 ft 

Condenser Tube Outer Diameter 0.058 ft 
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9.1.1 Aggressive Load Profile 

To test the robustness of the TES system an aggressive load profile was made for the system ranging 

from 85% bypass all the way down to 30% bypass over a sixteen hour run. This load profile is not 

typical of standard electrical demand profiles and is only used to test the robustness of the TES system 

model. If this demand can be met then it stands to reason that other less aggressive profiles should be 

easily accommodated given proper sizing of the system.  

 

Figure 9.1: Aggressive Load Profile 

 

 

Figure 9.2: Auxiliary Bypass Valve Position 

 

 

 

Figure 9.3: Bypass Flow 

 

 

Figure 9.4: Level in the Intermediate Heat Exchanger 
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Figure 9.5: Pressure in the Intermediate Heat Exchanger 

 

 

Figure 9.6: TES Flow Control Valve Position  

 

  

 

Figure 9.7: Mass Flow of the Therminol-66 from the cold 

tank to the hot tank 

 

 

Figure 9.8 TES Fluid Temperature at exit of IHX  
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Figure 9.9 Hot and Cold Tank Pressures 

 

Figure 9.10: Hot and Cold Tank Levels  

 

 

The system has a nominal output of ~160 MWth. As seen in Figure 9.1 the system initially starts with 

about 15% load on the turbine. This small turbine load means that the TES system is in full charging 

mode as 85% of the net reactor capacity is being pushed through the TES system. At this demand level 

all four of the auxiliary turbine bypass valves are open to allow steam into the IHX.  

 

As the turbine load increases the bypass valves begin to close and subsequently the heat transfer rate to 

the inner loop decreases. When the heat transfer rate decreases so does the TES fluid exit temperature 

causing the FCV to close to keep the temperature at the set point value. The closing of the FCV reduces 

the charging rate between the hot and cold tanks as seen in Figure 9.7. At the end of the run the cold 

tank has gone from 82% full down to about 26% full while the hot tank has gone from 15% full up to 

about 72% full.  

 

At the full design criteria of 85% steam dump with the cold tank relatively full, the FCV is ~25% open. 

This extra 75% capacity in the FCV is to accommodate full 85% steam dump when the hot tank 

approaches its design capacity.  

 

9.2. mPower Size System 

In the next scenario, a TES system designed to handle bypass from a mPower size reactor was 

simulated. mPower has an electric output of 180MWe with a 530MWth operating power. The TES 

system bypass lines have been designed to accommodate ~45%-50% bypass from the reactor at an IHX 
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shell side operating pressure of 750psi. The Condenser for this model has been designed to 

accommodate 530MW.   

Table 9.2: Design Parameters for a mPower size TES system. 

Parameter Value 

TES Fluid Therminol®-66 

Hot tank Volume 8,000,000 ft3 

Cold Tank Volume 8,000,000 ft3 

IHX reference Exit Temperature 500F 

Number of TBVôs 4 

TES maximum steam accommodation ~45% Nominal 

Pressure Relief Valve Upper Setpoint 780 psi 

Pressure Relief valve Lower Setpoint 760 psi 

Turbine Header Pressure 825 psi 

Shell Side (outer loop) IHX Volume 1171 ft3 

Number of tubes 19140 

Length of tubes 36.9 ft 

Tube Inner Diameter  0.044 ft 

Tube Outer Diameter 0.058 ft 

Mass of Hot Tank Fill Gas 5.235x105 lbm 

Mass of Cold Tank Fill Gas  4.489x105 lbm 

Temperature of Cooling Water 50F 

Volume of Condenser (Shell Side) 7607 ft3 

Number of tubes in Condenser  76824 

Length of tubes in Condenser 24.1ft 

Mass Flow of Cooling Water 3.411x107 lbm/hr 

Condenser Tube Inner Diameter 0.044 ft 

Condenser Tube Outer Diameter 0.058 ft 
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9.2.1. Typical Summer Day 

 

 

Figure 9.11: Summer Day Load Profile 

 

 

 

 

Figure 9.12: Bypass Flow 

 

 

Figure 9.13: Position of TES Bypass Valves 
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Figure 9.14: Intermediate Heat Exchanger Pressure 

 

 

Figure 9.15: Heat Transfer Rate Across the 

Intermediate Heat Exchanger 

 

 

 

Figure 9.16: Position of TES Flow Control Valve 

 

 

Figure 9.17: Temperature of the TES fluid leaving the 

IHX.  
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Figure 9.18: Hot and Cold Tank Levels 

 

 

Figure 9.19: Hot and Cold Tank Pressures 

 

 

 

Figure 9.20: Condenser Pressure 

 

 

Figure 9.21: Condenser Level 

 

 

 



104 

 

 

Figure 9.22: Level in the IHX. 

 

 

 

The reactor system was assumed to have sufficient capacity to meet 100% load on the most extreme 

summer day. The run shown above is representative of a typical summer day. As a result, there will 

always be some bypass demand. Bypass demand goes as nominal reactor output-turbine demand. For 

the run shown we have bypass ranging from ~45% bypass down to ~7-8% bypass.  Figure 9.13 shows 

that we are able to meet bypass demand as the valves never fully open or shut. Figure 9.14 shows the 

operating pressure at 45% bypass at the 750 psi design pressure, and over the course of the run reaches 

a minimum of ~700psi. As the pressure does not fall below 680psi, the shell side saturation temperature 

remains above the tube side set point temperature of 500F. Should the pressure in the IHX fall below 

this value the set point temperature on the tube side could not be reached. Further, the pressure in the 

IHX never reaches the setpoint of 780psi at which point the Pressure Relief Valves would open. Since 

the Pressure Relief Valves do not open this means zero energy is bypassing the TES system through 

the PRVôs.  

As shown in Figure 9.16 the flow control valve is ~24% open at the beginning of the simulation, it 

continues to move to ~42% open as bypass into the IHX increases. It then begins to close down to ~8% 

open as the amount of bypass flow into the IHX decreases later in the simulation. Figure 9.17 shows 

the flow control valve is able to maintain TES exit temperature at ~500F over the entire 24 hour 

simulation. 

As the hot tank fills and the cold tank empties, the pressures in the tanks change due to compression 

and expansion of the cover gases. As the pressures change the relative position of the FCV required to 

achieve the same mass flow rate of TES fluid changes. As a result, the FCV is more open towards the 

end of the 24-hour run than the beginning despite the same demand levels.  
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Over the course of the day condenser pressures vary from 0.86psi to 1psi, despite the condenser cooling 

water temperatures and flows remaining constant. The level of the IHX remains steady about the 

reference value of 8 feet.   

9.2.2. Typical Winter Day 

During the winter months there tends to be two peaks in the load profile. One associated with morning 

activities around 8-10am and a second when people are returning home for the evening. Given that 

bypass flow goes as 1-relative demand, the overall bypass demand on the system is larger in the winter 

than in the summer months.   

 

Figure 9.23: Winter Day Load Profile  

 



106 

 

 

Figure 9.24: Bypass Flow  

 

 

Figure 9.25: Position of TES Turbine Bypass Valves 

 

 

 

 

Figure 9.26: Pressure on the shell side of the IHX. 

 

 

 

Figure 9.27: TES Flow Control Valve Position. 

 

 

 


















