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Introduction: High-level Project Scope



Motivating Problem

Advanced Reactor Company X: I want to add thermal energy storage. Which one makes the most sense? How do we choose? How does it work?

1. Liquid-based sensible heat

storage:

Two-tank molten salt

Two-tank thermal oil

Thermocline molten salt

Thermocline thermal oil

Hot/Cold water

2. Underground (bore-holes and

aquifers)

3. Thermochemical

4. Latent heat storage

5. Solid media

Firebrick

Concrete

Ceramics, graphite, and 

alloys

6. Steam accumulators.

TES Systems

or+ or

Two Tank Sensible Heat
Concrete 

Why Thermal Energy Storage (TES) Coupling?

• TES enables NPPs to respond nimbly to market variability and to 
participate in restructured markets.

• TES systems store nuclear energy in its original form (heat), 
enabling a more flexible use on the back end, which provides 
electricity or heat.

Key Research Areas:

1. TES ranking tool that allows advanced reactor companies to 

down-select TES systems based on their system design.

2. Steady-state physical models development and design 

considerations of thermal storage coupling for three advanced 

nuclear reactor (A-LWR, HTGR, and LMFR), each coupled to 

TES in three different scenarios and different thermal 

extraction ratios.

3. System design cost analysis and stochastic optimization 

of NPP-TES based on market price signals in a selected 

market.

4. Transient modeling and grid-wide economics of each 

design.

• *  A-LWR: Advanced light water reactor; HTGR: High temperature gas cooled reactor; LMFR: Liquid metal fast cooled reactor
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** PJM: PJM Interconnection LLC (mid-Atlantic); ERCOT: Electric Reliability Council of Texas; Miso: Midwest Independent Transmission System Operator



1. Steady-State and Physical Models Development

• Thermodynamic analysis of proposed systems

• What is the optimum Coupling approach? 

• Develop fully-coupled TES-nuclear steady-state models

• Component-level analysis (heat exchange (HX) technology, 
geometries, sizes, etc.)

• Cost analysis and cost functions for discrete system sizes.

2. Stochastic Optimization Based on Market Price Signals

• Analyze and reproduce price signals from various markets

• What is the optimum system size for the highest net present 
value (NPV)?

• TES dispatch profiles of the IES system. 

3. Transient Modeling and Dynamic Operation

• How do the dynamic behavior and system controls should
look like?

• Is the dispatch profile with highest NPV feasible/reasonable 
dynamically? 

TES Use Case Methods and FORCE Tools        (Selected Results/Examples)

TES-Coupling in Aspen HYSYS (Steady-State Models)

HERON Optimization Workflow 

Examples of Nuclear-TES Dynamic Modeling Results from Dymola



TES-Nuclear Coupling Analysis



Two Phase vs. Direct/Single-Phase Heat Transfer to TES

Previous Design Configurations (FY-22):

• Two-phase design approach: BOP Steam → TES → BOP TES Steam

• TES and BOP are coupled in parallel.

• Nuclear island and BOP are coupled as normal with the addition of IES.

• FY22 M2 Link: doi.org/10.2172/1890160

Current Design Considerations (FY-23): Reactor Fluid to TES to Steam

• Single-phase design approach: Reactor fluid → TES → BOP TES Steam

• TES and BOP are coupled in series.

• Nuclear island is fully decoupled from BOP.

Island

Steam
Molten salt

Steam

He to steamHe to steam
He to steam



Two Phase vs. Direct/Single-Phase Heat Transfer to TES

* Potential or energy content of heat that could be converted to work based on 2nd law of thermodynamics by ideal systems.

Pinch points

ΔT ~ η loss
Pinch points / min ΔT

Previous Design Configurations (FY-22):

• Two-phase design approach: BOP Steam → TES → BOP TES Steam

• Existing balance-of-plant steam generator:

• No modifications to the nuclear island or balance of plant (BOP).

• Large temperature (exergy*) loss between charging and discharging:

• => Efficiency loss

• Boosting the BOP output via TES comes with constraints on steam pressure 

and temperature delivery yet at a relatively higher normalized cost.

Current Design Considerations (FY-23): Reactor Fluid to TES to Steam

• Single-phase design approach: Reactor fluid → TES → BOP TES Steam

• Heat is transferred “directly” from nuclear island working fluid to TES

• Minimal exergy loss and efficiency loss caused by TES.

• Discharge side has more flexibility for steam cycle design (higher temperature 

and pressure steam delivery).

• Heat from TES becomes available at higher temperature for industrial use.

NPP main loop inlet 
I.e.: He in HTGR

NPP steam “TES heat source”

Max TES storage temp limit

Max steam temp from TES

NPP main loop 
I.e.: He in HTGR
also used as TES heat source

Steam temp from nuclear 
island SG
AND
Max steam temp from TES

Max TES storage temp limit



TES 
Temp
outlet

in HTGR

TES Fluid Inlet

Features
- Increased TES T from 420 to 745 °C
- Increased TES steam T from 395 to 565 °C

(nominal)
- Increased TES steam p from 10 to 16.5 MPa

(nominal)
- TES outlet matching main BOP (p, T)
- HT stored heat available also for e.g. Industry
- Economy of scale: one BOP only, with TES

delivering same steam T and P as the NPP.

Two Phase Coupling

Single Phase, 30% TES boosting

Features:
Phase change of fluid 
(water/steam) with single 
phase storage causes large 
inadverent temperature 
drop -> efficiency drop

TES charging QT curves

TES charging QT curves HTGR steam “TES heat 
source” Inlet

Max TES storage temp in 
HTGR 

LMFR Steam “ TES heat 
source” Inlet

Max TES storage temp in 
LMFR 

LWR

Island

30% TES Boosting: BOP Operation (Single High Temperature TES)

Nuclear Island Thermal Energy Storage Balance of Plant

Steam
Molten salt

Steam

He to steam
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2X TES Boosting: BOP Operation (Two High and Low Temperature TES)

Single Phase, 2X Boosting
Features

- Requires thermodynamic optimization of 
heat flow between HT and LT TES

- Previous benefits of single TES plant plus
these:

• Fully decoupled nuclear island from BOP
• Flexible power boosting
• Reheat increases cycle efficiency (higher

Generation capacity) and maintains heat 
balance between HT and LT TES plants

• Reheat is standard in coal-fired plant and 
with molten salt. 
Reduce the wetness problem in the 
steam cycle.

*HT: High temperature; LT: Low Temperature

TES charging / discharging QT curves
Nuclear Island

Thermal Energy Storage

Balance of Plant

Two-Phase Coupling

Features:
Phase change of fluid 
(water/steam) with single-
phase storage causes large 
inadverent temperature 
drop -> efficiency drop.

TES charging QT curves HTGR steam “TES heat 
source” Inlet

Max TES storage temp in 
HTGR 

LMFR Steam “TES heat 
source” Inlet

Max TES storage temp in
LMFR 

LWR

HT TES -
reheater

HT TES -
superheater

LT TES -
Preheater, evaporator

Island

Steam
Molten salt

Steam

He to steam
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2X TES Boosting: BOP Operation (Two High and Low Temperature TES)

Maximum Charge Mode

• Zero power output (standby)

• Salt only circulates between He HX and tanks.

• Tanks are getting charged.

Nominal Operation

• Nominal (baseload) power output; 94 MWe

• Salt acts as an intermediate heat transfer fluid 

between He and steam.

• Tanks bypassed.

2X Boosting Discharge Mode

• Power output at 2X nominal; 188 MWe

• Hot salt from He HX is mixed with salt from hot 

tank and goes to steam cycle.

• Tanks are being discharged.

• Practical design might involve parallel turbines.



Technoeconomic Analysis  
(HERON)



Component groupings for HERON 

Charge rate 
in MWth

Storage size
in MWhth

Discharge rate 
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One example showing a cost function curve for the discharge 

system (IHX, turbine, condenser, condenser feedwater pump, TES 

power cycle pump)

Y = A . (D / D’)x



TES Coupling with Advanced Reactors (Dedicated vs Oversized BOP)

Parallel – Steam “two phase” - Two separate BOP

Parallel – Steam “two phase” - Single “oversized” BOP
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One example additional cost realized for adding 4MWe of 

electric power generation via a separate BOP or oversized 

BOP equipment (example showing turbine cost function)



• SYNTHETIC HISTORY GENERATION 

• Real-time hourly market for PJM and ERCOT
• Historical real-time market data using Raven (2018-2047)
• Synthetic history data used in HERON runs

• Analysis of a network of possible HERON case 
combinations

• 3 reactor types for the Steam to molten salt TES heat extraction

• Each in two different markets

• Using two different cluster segment lengths in Heron and 
different iteration stepping size

• Two different cluster segment lengths and 2 iteration stepping 
size

• 4 initial component capacities used [avoid incorrect local 
maximum for NPV values (finding global maximum)]

• 43 cases for each reactor (~129 cases in total)

• TES optimization results

• Cont’d (next slide)

Example: Historical real-time market (PJM, 2021)

TES Coupling with Advanced Reactors (Steam-Molten Salt for TES heat)

Network of analyzed HERON case combinations



TES Coupling with Advanced Reactors (Steam-Molten Salt for TES heat)

• SYNTHETIC HISTORY GENERATION 
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Coupling analysis results from HERON (blue : Baseline [No TES]; gray : Negative ΔNPV;  gold : 

Very Low Capacities; light green : Successful Cases; dark green : Maximum ΔNPV). 

Initial Capacities Step size Segment Length

(hrs)

Market

Baseline N/A 24 PJM

Default 0.2 24 PJM

Default 0.5 24 PJM

25% 0.2 24 PJM

25% 0.5 24 PJM

50% 0.2 24 PJM

50% 0.5 24 PJM

100% 0.2 24 PJM

100% 0.5 24 PJM

Baseline N/A 120 PJM

Default 0.2 120 PJM

Default 0.5 120 PJM

25% 0.2 120 PJM

25% 0.5 120 PJM

50% 0.2 120 PJM

50% 0.5 120 PJM

100% 0.2 120 PJM

100% 0.5 120 PJM

Baseline N/A 24 ERCOT

Default 0.2 24 ERCOT

Default 0.5 24 ERCOT

25% 0.2 24 ERCOT

25% 0.5 24 ERCOT

50% 0.2 24 ERCOT

50% 0.5 24 ERCOT

100% 0.2 24 ERCOT

100% 0.5 24 ERCOT

Baseline N/A 24 ERCOT

Default 0.2 120 ERCOT

Default 0.5 120 ERCOT

25% 0.2 120 ERCOT

25% 0.5 120 ERCOT

50% 0.2 120 ERCOT

50% 0.5 120 ERCOT

100% 0.2 120 ERCOT

100% 0.5 120 ERCOT

TES Coupling with Advanced Reactors (Steam-Molten Salt for TES heat)



Selected example for A-LWR in ERCOT
Optimization result for maximum NPV

TES Coupling with Advanced Reactors (Steam-Molten Salt for TES heat)

Steam Generation (MWth)
TES Charge rate (MWth)
Heat to BOP (MWth)

TES Turbine output (MWe)
BOP Turbine output (MWe) 
Electricity grid demand (MWe)

Heat to TES

TES Level 

TES Charge rate

TES discharge rate

Heat to BOP

Energy (MWh)Heat (MWth)



DYMOLA TRANSIENT 
MODELING



DYMOLA TRANSIENT MODELING

• Motivation

• To understand the dynamic behavior of IES and to evaluate systems’ 
controls

• Further evaluation of integration techniques in transient state 
conditions

• Control Scheme

• HPT and LPT turbines and a simple TES BOP. Feedwater is sourced 
directly from the TES BOP.

• Testing severe cyclical ramping to establish expectations for how the 
system should respond to dynamic dispatching. i.e.:  forcing the 
system to periodically ramp from full charging mode to a brief full 
discharge standby period, before demand immediately reverts to full 
charging mode.

• Aside from small demand misses immediately before and after 
demand ramps, the system was capable of meeting demand at all 
three power levels.

• Brief changes steam generator mass flow occur due to “less-than-
ideal” heating power changes  within the feedwater system (over-
simplification in the feedwater system architecture).

• Minimal changes on the primary-side impacts within the nuclear core 
via coolant feedback mechanisms, control rods respond effectively 
and maintain the reactor power within +/- 5% of nominal power 
throughout the simulation.

• Heat dispatch demand tests (true demand vs production)

Block diagram of in Dymola model.
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Electric demand and power production curves 

Power production from the primary BOP and TES BOP 
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Steam generator mass flow rate

Reactor thermal power, mainly maintained within +/- 5%
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• Motivation
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• Control Scheme
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throughout the simulation.
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Electricity production vs. demand throughout a 24-hour dispatch

TES BOP dispatch throughout a 24-hour dispatch test

Relative reactor power throughout the dispatch test. The power is 
generally maintained within +/- 5% of nominal power.



Thanks for your attention…

Questions? 

Rami Saeed, Ph.D.
Rami.Saeed@inl.gov
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