
1 

System and Component Development for Long-Duration Energy Storage 

Using Particle Thermal Energy Storage 

Zhiwen Ma1,*, Xingchao Wang1,4, Patrick Davenport1, Jeffrey Gifford1,4, Korey Cook1, 

Janna Martinek1, Jason Schirck2, Aaron Morris2, Matthew Lambert3, and Ruichong 

Zhang4 

1National Renewable Energy Laboratory, 15013 Denver West Parkway, Golden, CO80401 
2Purdue University, 3Allied Mineral Products, Inc., 4Colorado School of Mines 

*Phone number: 303-275-3784, e-mail address: zhiwen.ma@nrel.gov

Abstract 

Energy storage, at various scales, will be required to maintain reliable power supply from 

variable renewable resources, and improve grid resilience. Long-duration energy storage (10–

100 hours) can substitute baseload coal power generation and increase levels of renewable 

power supply. Thermal energy storage (TES) has siting flexibility and the ability to store a 

large capacity of energy, and thus it has the potential to meet the needs of long-duration energy 

storage. A novel TES system was developed by using solid particles as storage media and 

charging/discharging electricity from renewable power connected via the electric grid. The 

particle TES uses low-cost silica sand at 30–40$/Ton that is stable at high temperatures of 

greater than 1,000°C. Thus, the particle TES system has an overall low storage cost and high 

thermal-power efficiency. Key components of the system were conceptually designed and 

modeled for their performance. Conversion of electricity to thermal energy using electric 

heating can achieve a greater than 98% charging efficiency, and the conversion of thermal 

energy back to electricity uses an air-Brayton combined power cycle with >52% thermal-to-

electricity efficiency at >1,170°C to achieve a >50% roundtrip efficiency after subtracting 

estimated plant parasitic losses. Laboratory-scale prototypes were fabricated and tested to 

verify their design approaches and operations relevant to product-scale components. 

Keywords: thermal energy storage, electric-thermal energy storage, solid particles, renewable 

energy, long-duration energy storage 

Highlights 

• A novel electric-thermal energy storage system is introduced to serve long-duration

energy storage.

• Low-cost, stable silica sand is used as storage media for economic grid electricity

storage.

• Designs and the prototype development of major components are presented.

• Product-scale modeling and prototype testing show component and system feasibility.
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Graphic Abstract   

 

1. Introduction 

Greatly increasing renewable generation integration and reducing fossil fuel usage is a path to 

decarbonize the energy supply. The rapid growth of renewable energy increases the importance 

of economically firming the electricity supply from variable solar photovoltaic and wind power 

generators. Energy storage will be key to manage variability and to bridge the generation gap 

over timescales of hours or days for high levels of renewable generation grid integration [1]. 

The integration of storage for excess electricity from renewable sources has several significant 

and positive impacts, including: (1) reducing curtailment and expanding the proportion of the 

total electricity generation supplied by renewable sources, (2) improving grid reliability and 

peak-load response, and (3)  providing electricity supply to meet demand [2]. Long-duration 

energy storage (LDES), with 10–100 hours of discharge capacity, can complement the 

reduction of fossil fuel baseload generation and mitigate the risks to grid reliability when a 

large portion of electricity comes from variable renewable sources [3].  

Several energy storage methods are deployed or under development, including mechanical, 

chemical, electrochemical, and thermal energy storage (TES). Recently, Schmidt et al. studied 

the levelized cost of storage (LCOS) of nine technologies and 12 power system applications, 

including compressed air energy storage (CAES); pumped storage hydropower (PSH); 

hydrogen; flywheel; supercapacitor; and various battery types including redox flow batteries, 

sodium-sulfur, lead-acid, and lithium batteries [4]. The study indicated that most technologies 

currently have a LCOS range of 150–600 US$/MWh in 2015 and projected cost of $130–200 
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US$/MWh in 2050 based on a $50/MWh charging electricity price [4]. Without significantly 

high fuel prices or policy support, such as a carbon tax, it would be difficult for storage at this 

cost range to compete with cheap natural gas for baseload power supply. Reducing input 

renewable electricity price is key to lower LCOS in a competitive range. Additionally, reducing 

storage technology cost is critical to make LDES economically viable to displace fossil fuels. 

No single storage technology can yet cover all electricity storage needs to achieve a carbon-

free utility target. TES technology has the potential to be low cost, has no geographic siting 

restrictions, and can be employed in various configurations for electricity storage. TES 

technology had been developed and commercially deployed with concentrating solar power 

(CSP); however, TES for grid-scale electricity storage is a lesser known technology option and 

therefore is often inadequately analyzed  in comparison to other energy storage technologies, 

such as the LCOS studies by Schmidt et al. [4]. 

Thermal energy storage covers broad material types and applications in power and heat supply 

[5]. We particularly investigated TES systems suitable for grid-scale energy storage and 

focused on solid particle-based TES to serve the LDES purpose. TES can be integrated in grid-

scale energy storage via applications including CSP [6], nuclear [7,8], and grid-tied, stand-

alone electric-thermal energy storage (ETES). Historically TES has often been developed 

alongside CSP technology; however, a standalone TES for grid-scale energy storage does not 

need a CSP mirror field for solar energy collection and conversion and can be independent 

from a CSP plant. TES development as a stand-alone ETES system broadens potential 

applications for TES to integrate renewable energy from solar photovoltaic and wind power 

[9]. Compared with LDES alternatives—such as PSH, CAES, and chemical storage 

technologies such as green hydrogen—TES has a low storage cost and can be sited adjacent to 

end users, with minimal geographic constraints [10]. 

Energy storage cost and performance are critical to viable storage economics, particularly for 

long-duration storage applications. LDES methods—including TES, thermochemical energy 

storage, pumped thermal energy storage, and flow batteries—are under development with 

support from the U.S. Department of Energy Advanced Research Projects Agency–Energy 

(ARPA-E) Duration Addition to electricitY Storage (DAYS) program [11]. This paper presents 

the technology development on a grid-scale ETES system for LDES applications. The particle-

based ETES system uses particle TES that can reduce capital costs while operating at high 

temperatures and in a wide temperature range of from <-100°C to >1,000°C [10]. Grid-scale 

systems in the TES category have low round-trip electric conversion efficiencies (~50%) 
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compared to PSH or batteries [12], despite high thermal storage efficiency, meaning there is 

margin for improvement. Towards commercialization, Siemens Gamesa and Malta [13] have 

worked on pilot TES plants to prove TES at scale. The particle ETES system is aimed at 

facilitating future high renewable integration into the grid with low-cost and large-capacity 

energy storage. 

A particle ETES configuration is shown conceptually in Figure 1. During off-peak hours, when 

electric power is cheapest, the low temperature particles are transported to the top of the particle 

lifter and fall through the electric particle heater, thereby charging the storage modules using 

direct electric resistance heating powered by renewable electricity. The hot particles are stored 

in containment silos with internal refractory insulation. At peak power demand at a high 

electricity price, the hot particles move through a heat exchanger to discharge the stored 

thermal energy and heat a working fluid that drives a high-efficiency air-Brayton combined-

cycle (ABCC) power system attached to an electric generator, to convert stored thermal energy 

back to electricity.  

 
Figure 1. A configuration of a particle ETES system based on an air-Brayton combined-cycle 

for thermal electricity generation. 

Unlike TES in conventional molten salt CSP systems [14], the particle ETES system uses solid 

particles as the storage media, similar to the development of a low-cost, high-temperature, 

particle-based Generation 3 CSP system [15], but it uses grid connection to charge and 

discharge electricity without a CSP field as the energy flow chart shown in Figure 1. The stand-

alone ETES system avoids a solar field and the siting limitations of CSP deployment that 
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requires high solar irradiation. ETES has scaling and siting flexibility to support the integration 

of grid-scale renewable power and other thermal energy supplies.  

A key consideration for ETES is to maximize thermal cycle efficiency through cycle designs 

and operating conditions. The simple conversion of electricity to thermal energy using electric 

heating can achieve a greater than 98% charging efficiency, and the conversion of thermal 

energy back to electricity uses an ABCC power cycle with >52% thermal-to-electricity 

efficiency at >1,170°C to achieve a >50% round-trip efficiency after subtracting an estimated 

amount of plant parasitic losses. A particle ETES system enables high storage and high 

working-fluid temperatures to support high efficiency of thermal power cycles while 

maintaining low storage costs. 

System and component development has yielded feasible designs and is currently in the stage 

of testing prototypes. Various modeling tools were developed to study different component 

designs and performance and to simulate system performance. Major technology challenges 

ahead include pilot validation of component designs, fabrication, performance, operability, and 

system integration for various application configurations. Recent progresses in the modeling 

and testing of major components have shown the technical feasibility of the particle ETES 

system for LDES applications. 

2. Particle ETES System and Components 

Particle ETES Configuration 

The particle ETES system includes an electric charging particle heater, TES modules, skip 

hoists for transporting particles, a pressurized fluidized bed (PFB) heat exchanger (HX), and a 

high-performance ABCC power generation. Figure 2 shows the storage process, energy flow, 

and air and particle flow paths through charging and discharging components. The ABCC 

power cycle, as shown in Figure 2 and elaborated in Section 3.4, provides the operating 

parameters that determine the charging/discharging components and storage capacity. The PFB 

HX is based on the configuration of commercial PFB combustion boilers [16] and has an inner 

hot fluidized bed for air/particle direct contact heat transfer surrounded by an external pressure 

vessel to hold the air pressure. The ABCC power system is adopted from a commercial gas 

turbine combined cycle (GTCC) system by substituting gas combustors with hot air passages 

connected with the PFB HX. The high-pressure air from the turbine compressor contacts the 

hot particles, which are fed through the PFB HX and heated to the turbine inlet temperature. 

The hot air then flows through the turbine and drives a power generator. The turbine exhaust 

hot air flows through a heat recovery steam generator that drives a bottom steam Rankine power 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



6 

 

cycle. Current work investigated the particle ETES system and major components through 

conceptual designs, performance modeling, and prototype testing. 

 

Figure 2. System flow diagram and storage configuration using particle TES with ABCC 

power generation for ETES. 

System and Component Specifications for TES Development 

The specifications for the system diagram shown in Figure 1 are listed in Table 1 and serve as 

design conditions for component sizing and configurations. Component designs are based on 

heat/mass balances for the electric heater, particle TES, PFB HX, and auxiliary equipment, 

including particle transport and compressed air connections with the power block. The power-

specific components include the power blocks and the components for energy conversion, 

including the PFB HX. 

Figure 1 and Figure 1  show the energy flow path carried by hot particles heated by the charging 

electric heater (1) into the storage silo (2). When discharging, hot particles flow through a lock 

hopper to isolate the storage silo at ambient pressure from the PFB HX. Particles first fill the 

lock hopper container, and then the lock hopper is pressurized to an equal pressure to the PFB 

HX and releases particles into PFB HX gravitationally. Two such lock hoppers operate 

alternatively to maintain continuous particle flow to the PFB HX. Lock hopper is a 

conventional device that has been developed in Integrated Gasification Combined Cycle 

technology and applied broadly in process engineering and plants.  
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Many ways to dispense particles from a pressurized heat exchanger to seal hot air have been 

developed or used in industry. A few examples include lock hopper as described for the particle 

inlets, rotary valves, or loop seals for fluidized beds. The industry practice uses particles to seal 

air, and it is possible to dispense particles without leaking air other than air entrained by 

particles. The current consideration for low-temperature particles exiting the heat exchanger 

uses a pressure regulation rotary valve and transport to a buffer silo. 

Table 1. Specification of commercial-scale system and components 

Items Preliminary design specifications  

Storage module 

• 135-MWe discharge electric generation capacity 

• 26-GWhth storage capacity (100 hours at full-load discharge capacity) 

• Round-trip efficiency >50% 

Particles as storage 

media  

• Silica sand with >99% silica purity, stable at >1,200°C 

• Cost: $30–40/ton 

Electric charging 

particle heater 

• 315 MWth  

• Thermal efficiency ≥98%  

• Outlet particle temperature ≥1,200°C 

Particle thermal 

energy storage 

• 7 GWhth per storage silo 

• Storage temperature ≥1,200°C  

• <1% thermal loss per day 

Lock Hoppers 

• Feeds hot particles from ambient-pressure storage to PFB HX. 

• A pair of lock hoppers operate alternatively to maintain constant 

particle flow into PFB HX. 

Pressurized fluidized-

bed heat exchanger 

• Direct air/particle contact PFB HX design 

• 300 MWth, 292 kg/s air flow rate, 300 kg/s particle flow rate 

• Air inlet temperature = 300°C 

• Air outlet temperature ≥1,170°C 

Air-Brayton 

combined-cycle 

power system 

• Refractory-insulated piping for air connections 

• Air-Brayton combined cycle  

• >52% power generation efficiency 

Figure 1  shows the schematic of the particle ETES system in a full-scale configuration with 

the components specified in Table 1. The particle storage containment was designed to store 

particles at both heated (1,200°C) and cooled (300°C) conditions and uses a concrete silo with 

refractory insulation liners. The particle TES uses stable, inexpensive silica sand and provides 

large storage capacity and high-temperature energy. The silica sand is produced in the U.S. 

Midwest and has >99% SiO2 purity, making it stable while operating at high temperatures 

(>1,200°C) with a low material cost. 

Detailed studies have been performed on the thermal stability, material compatibility, and the 

characterization of physical properties of silica sand. The durability of silica sand has been 

tested for 500 hours at 1,200°C with the presence of refractory coupon samples. Thermal 
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cycling tests were performed between 300°C and 1,200°C for 100 cycles, and no obvious size 

change was observed, as shown in Figure 3. These thermal tests verified both the stability and 

the compatibility of the particles with the refractory insulations [17]. Figure 3 shows typical 

results from the thermal cycling tests and the heat capacity measurements of a silica sand type 

460 supplied from Covia [18]. The thermo-cycle test results shown in Figure 3 indicate size 

changes of approximately 3% after 100 thermal cycles.  The results indicate particles with 

adequate stability in service life, and fine particles generated from storage cycles can be 

replenished regularly to maintain a desired particle size distribution inside the system.  

 
Figure 3. Particle distribution shifts after 25, 50, and 100 cycles relative to the 

baseline for silica type 460. 

 

Figure 4 shows the specific heat as a function of particle temperature from National Institute 

of Standards and Technology data sources and actual differential scanning calorimetry (DSC) 

measurements taken by using a Netzsch STA 449 F3 Jupiter. The heat capacity of silica sand 

varies with temperature and has a peak point associated with α-β quartz inversion. The negative 

effects of α-β quartz inversion at approximately 573°C on particle durability or fluidization 

have not shown up in thermal cycle tests nor PFB prototype tests. The average specific heat 

capacity within the operational temperature range of 300°–1,200°C is greater than 1.1 kJ/kg-

K, indicating an adequate capacity for sensible heat energy storage. 
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Figure 4. Heat capacity of quartz from 300°C–1,200°C including the α-β inversion at 573°C 

[16], [18] and specific heat versus temperature measured by DSC (Netzsch STA 449 F3 

Jupiter ®). 

Silica sand is mined in the Midwest of U.S. and selected from product lines with high SiO2 

purity (>99% as shown in Table 2). High silica purity provides stability of particles from 

sintering or agglomeration at high temperatures. Table 2 summarizes other thermal/physical 

properties of silica sand. The mined sand maintains desired roundness for flowability, and 

similar particles have also been used in fracking applications. Vendor quotes indicate silica 

sand cost of $30–40/ton, which is a fraction of the cost of molten salt or other thermal storage 

media.  

Table 2. Physical properties of the silica sand as storage media 

Particle properties Value Unit 

Particle average diameter 450  µm 

Real particle density 2,650  kg/m3 

Bulk particle density 1,543 kg/m3 

Thermal conductivity (bulk) 1.402  W/m-K 

Specific heat (temperature dependent)  

Figure 4 

J/kg-K 

Composition [18]   

SiO2 99.65%  

Al2O3 0.065%  

Fe2O3 0.018%  

CaO 0.012%  
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TiO2 0.011%  

With the verified silica sand as storage media, the system uses insulated concrete silos as TES 

containment to hold the heated and cooled particles. The TES module is scalable with flexible 

storage capacity depending on the grid storage needs. The storage capacities can be sized to an 

electricity discharge duration ranging from less than 10 hours to more than 100 hours. The 100-

hour, long-duration storage module shown in Figure 1 consists of four particle containment 

silos and one buffer silo for temporary transfer of particles. Each containment silo stores both 

hot and cooled particles, thus eliminating nearly half of the storage containment cost compared 

to separate hot/cold storage. A buffer silo is used to temporarily store low temperature particles 

when a containment silo is not completely emptied during discharging, enabling flexible 

charging/discharging operations. A single full TES silo stores 6.5 GWhth, or approximately 25 

hours of full-load, 135-MWe ABCC operation based on an existing air turbine combined-cycle 

system as described in Section 3.4. Four TES silos contain approximately 26 GWhth to provide 

100-hour storage duration as one storage module. Static stored particles reduce thermal 

conduction during the storage period by forming a self-insulating layer. With the internally 

insulated TES containment, heat loss can be limited to less than 1% per day using the insulation 

designs that were previously analyzed [19]. 

3. Key Component Development and Prototype Verification 

With low-cost silica sand and containment, particle TES represents an economic energy storage 

method. The particle TES is designed at a high storage temperature (1,200℃) to support a high 

efficiency thermal-power cycle. Such temperatures present unique challenges for developing 

and deploying TES and PFB HX components; however, the challenges could be justified 

because power conversion efficiency is determined by thermal-cycle efficiency, wherein higher 

particle temperatures allow for a higher turbine inlet temperature to achieve higher thermal- 

power-conversion efficiencies. 

Key components were developed on a conceptual level to address these challenges and to assess 

the design feasibility, manufacturability, and integration within the system. Table 3 lists key 

components (except for the ABCC power cycle) along with laboratory prototypes or modeling 

analysis for verification of the design and operation.  

The laboratory prototypes have been built for verifying the component operation and/or 

validating the modeling methods. The validated models are then used to gauge commercial-

scale performance. The conceptual designs, prototype development, and testing validated the 

component modeling approaches, fabrication processes, and operation mechanisms. The key 
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components listed in Table 3 with the ABCC power generation system are described 

individually in the subsequent sections. 

Table 3. Key component designs and laboratory prototypes for the particle ETES system 

Key components Proof of concept by 

modeling and/or 

testing 

Design approach, working mechanism, initial 

performance targets, and relevant industry 

practices 

Heater 

 

Heater prototype 

 

• Heating wires are wrapped around refractory bars 

form the heating elements to heat particles to 

1,200°C using electricity. 

• Modular design with each module running at a 

fixed particle flow rate for optimum particle heat 

transfer and constant power in on/off mode.  

• Nine heater modules can support nine charging 

load levels. 

Particles/storage 

 

Storage bin prototype 

 

• Low-cost storage using silica sand ($30–$40/ton) 

with particle stability is verified at 1,200°C. 

• Charging and discharging temperatures range 

from 300°C to 1,200°C. 

• Concrete silo with internal insulation using low-

cost refractory materials with conventional 

construction methods. 

• Tests proved material compatibility at operating 

temperature. 

Heat exchanger 

 

Cold/hot prototypes 

 

• Direct contact between compressed air and hot 

particles inside the PFB HX eliminates the heat 

transfer interfaces in a conventional heat 

exchanger; thus, it can achieve high temperature 

without expensive materials for the heat transfer 

surfaces to improve performance. 

• Industry PFB HX design, engineering, and 

fabrication for a PFB boiler can be leveraged. 

3.1. Electric Charging Particle Heater 

The storage system starts from an electric charging particle heater that is designed and operated 

in modules. Electric resistive heating is inexpensive and efficient, with a theoretical 100% 

electric-to-thermal conversion efficiency by resistor heating if the electric heater is perfectly 

insulated. The heater is designed to be flexible and easily controlled for rapid ramping rates 

and charging responses. The simplicity in charging particle TES using an electric heater 

provides implementation convenience in ETES usage for electricity storage. 

Stable silica sand is used as a storage media. Silica sand is not corrosive and is compatible with 

refractory materials, thus providing flexibility in selecting heating element materials, thermal 

insulation, and element shapes; however, heating particles with an electric heater relies on 

particle granular flow and heat transfer, which is less effective than heating a liquid media such 

as water or molten salts. To deal with the challenge of particle heat transfer, modeling and 

prototype testing were performed to characterize the particle flow and heat transfer. Here we 
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present a preliminary design with an optimized heat transfer process and heating element 

choice for charging the particle ETES system. 

3.1.1 Particle Flow and Heat Transfer Simulations 

The electric charging heater is uniquely designed in a modular configuration for particle flow 

and load control [20]. Figure 5 illustrates the charging heater assembly and heater designs. The 

heater has arrays of hexagonal-shaped heating elements to heat particles in granular flow. Each 

heater module is individually internally insulated and supported by an external structure. An 

individual module operates at a fixed heating capacity with a designated particle flow rate 

designed for the most effective heat transfer rate, and independent on/off control per module 

enables stepped control of the overall heater load.  

 

 

a. Heater assembly b. Charging heater module and heating elements 

Figure 5. Modular design of electric particle heater for charging particle TES (Photo by 

NREL). 

The operation of all nine modules shown in Figure 5.a provides a full charge load, and the 

operation combinations of modules creates nine load steps. Figure 5.b shows the module 

design, which consists of arrays of hexagonal-shaped heating elements. Particles fall through 

the heating elements in a granular flow pattern and are heated to the desired temperature. The 

particle flow rate is regulated by the shape of the heating elements and the gaps between them. 

A strong silica-carbide based refractory material with high hardness is used for the heating 

elements to support metal heating wires and to provide erosion resistance to particle flow.  

Particle granular flow simplifies the charging heater design relative to a fluidized bed and 

improves particle heat transfer relative to a dense, moving packed bed particle flow regime. 

Particles drop through staggered, hexagonal-shaped heating elements such that periodic mixing 

and direct contact with the heating surfaces enhance particle heat transfer. The shape, size, and 
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arrangement of the heating elements were optimized to achieve the desired particle flow and 

heating effectiveness. Improving particle heat transfer increases power density and reduces the 

size, cost, and heat losses of the heater. Both modeling and testing were performed to 

investigate particle flow through the heating elements and to realize the desired heat transfer. 

3.1.2 Particle Flow and Heat Transfer Simulations 

The heater design was initially analyzed by mathematical modeling of particle granular flow 

around the heating elements. The model was developed using the discrete element method 

(DEM) in Multiphase Flow with Interphase eXchanges (MFIX) software [21–23]. The 

modeling methods and simulation parameters are provided in Appendix A.1, which lists the 

conservation equations, modeling approaches, and input parameters. 

The primary parameters of interest are those that influence the rate of heat transfer, including: 

(1) heating element geometry, angle, and spacing; (2) inlet hopper angle; (3) particle-particle 

friction; and (4) particle wall friction [24]. Shallow hopper angles are ideal for heat transfer 

because they increase the particle residence time; however, a small slope angle, θ, increases 

the risk of particle flow stagnation. Also, increasing friction coefficients dilute the particle 

flow, which decrease the heat transfer. Those effects were simulated by the MFIX heater 

model, which guided the heater design and performance analysis. Figure 6 shows the 

computational domain and results for a few select cases from the parametric study detailed in 

[24]. 

(a) 

  

(b) 

 

(c) 

 

Figure 6. Overview of MFIX-DEM modeling effort, including (a) definition of modeling 

domain, (b) particle velocity contour plot, and (c) average particle temperature profiles for 

several geometry angles as a function of heater depth over the computational domain. 

In Figure 6.c, all simulations are set to control the particle flow state via the heating element 

geometry and the gap between elements. Hexagonal-shaped heating elements break down the 
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particle flow stream, provide direct contact for particle heating, and blend particles through 

each flow path, resulting in a high heat transfer rate for charging hot particles. The particle 

temperature profile and mass flow rate from the DEM simulations are used to determine the 

effective heat transfer coefficient, ranging from 500 W/m2-K–1,500 W/m2-K, depending on 

the geometry and friction coefficient. This heat transfer coefficient can then be used to define 

the heater sizing necessary to achieve the design outlet temperature conditions in a large-scale 

heater array. Figure 6.c shows the particle temperature along the height of the heater with three 

slope angles (θ) of the heating elements. 

The heater model has been used to extend a section of the modeling results to inform the full-

scale design. Particles often develop flow instabilities, as indicated by the unsmooth curves in 

the temperature profiles in Figure 6.c. The spike at the top of the simulation is due to stagnant 

particles on the first row of heaters. Stationary particles are not seen in subsequent rows. Figure 

6.c indicates that a small slope angle or less steep top of the heating elements improves heat 

transfer because of the slow flow rate and correspondingly longer heating time associated with 

a flat heater top; however, a small surface angle risks particle flow stagnation. Thus, flow 

visualization testing is being applied to observe the particle flow patterns and to select the 

geometry of the heating elements. 

3.1.3 Particle Flow Visualization Test 

Experimental particle flow test stations were adapted to mirror the MFIX-DEM modeling 

domain for various candidate heating element geometries to determine the mass flux at ambient 

temperature. Figure 7 shows several flow visualizations and the resulting particle mass 

accumulation rates. In total, four different flow stations were used to test more than 10 heating 

element arrangements with varied geometries, angles, and spacing. The measured particle mass 

accumulation rates in Figure 7 indicate steady particle flow rates and therefore good particle 

flowability for a variety of heating element configurations.  

Particle heat transfer rates with the heating elements affect the heater size, thermal efficiency, 

and cost. The simulations in Section 3.1.2 provide insights for which designs achieve effective 

heat transfer. Substantial development is ongoing to verify the performance of the heating 

elements and to validate the heat transfer rates predicted from the DEM simulations. Prototypes 

have been fabricated using an electric resistive heater with heating wire wrapped on hexagonal-

shaped refractory supports (Figure 5.b). Tests will focus on particle flow and heat transfer to 

validate the heater module design and will be reported in future publications. 
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(a) 

 

(b) 

 

Figure 7. Experimental results including (a) testing of four different cases from the 

parametric study described in Section 3.1.2 and the (b) determination of the resulting mass 

flow rates. 

3.2. Particle TES Design and Modeling 

The high-efficiency particle TES is charged by electric heating, and hot particles are stored in 

well-insulated containment. The TES containment consists of a concrete silo and refractory 

insulation to hold hot particles at conditions commeasurable with the material usable 

temperature and thermal loss target. The design was based on high-thermal-efficiency TES 

development for a particle-based CSP system and followed codes and standards for concrete 

structures cited by [25] [26]. Commercial refractory materials and industry experience in 

refractory installation were considered while designing and performing a cost assessment of 

the TES containment. 

The silo shown in Figure 8 is internally insulated with refractory lining and insulation layers. 

This is to maintain the temperature of the concrete silo below the concrete allowable use 

temperatures. The TES capacity, size, and cost were estimated using material data and earlier 

particle TES design work, adjusted by high energy density in the LDES system due to a larger 

temperature difference. Using silica sand provides higher particle density and higher heat 

capacity than the coal ash described in our original work [26]. Storing large volumes of granular 

media in silos is well established in industry; however, heating and storing ultrahigh 

temperature particles while minimizing heat loss requires an innovative design. Applying 

insulation inside a tall silo can be challenging and was evaluated by our industry partner 

specializing in refractory materials. Large refractory blocks can be fabricated and stacked 

inside the silo to form a modular insulation layer. 

Design 1 Design 2 Design 3 Design 4 
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a. TES containment design for particle storage b. Zoom-in Section C: TES insulation 

materials and dimensions 

Figure 8. Particle TES containment design and insulation layers. 

Figure 8.a shows the containment structure, including concrete silo and insulation layers. 

Section views “A” and “B” show the cylindrical and hopper section contents, respectively. 

Detail “C” shows the wall configuration, which comprises an inner lining with strong refractory 

(R700) for erosion resistance, insulation layers, and outer concrete wall, as illustrated in Figure 

8.b. “D” and “E” renderings show the rebar and strand layouts within the concrete walls of the 

cylindrical and hopper sections, respectively. Figure 8.b shows the TES insulation material 

selection and layer thickness for the performance results described next. 

To reduce the overall containment cost, both hot and cold particles are stored in the same well-

insulated silo in a thermocline configuration. The development of the low-cost particle TES 

was reported previously for a 100-MWe steam Rankine power cycle with a TES capacity of 6.5 

GWhth per single silo and 26 GWhth with four silos for a 100-hour duration [27]. Storing both 

hot and cold particles in the same silo with stratified layers can reduce the containment cost by 

nearly half. During discharge, hot particles feed into the PFB HX by gravity and heat the 

fluidizing air, which is then used to drive the turbine to generate electricity. An industrial 

particle conveyor is used to transport the cold particles from either the particle exits of the PFB 

HX to the top of the silo (during discharging) or from the outlet of the silo to the particle heater 

(during charging). The electricity storage cost depends on the thermal-power conversion 

efficiency. The estimated TES cost including storage media, concrete silos, and insulation was 

estimated to be approximately $2/kWhth [27]. For a 50% round-trip efficiency, a simple 

conversion implies an electricity storage cost of approximately $4/kWhe for the storage media 

and containment, not including the capital cost of power generation. The cost of energy storage 
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media and containment can be an order of magnitude lower than most storage methods [4]. 

Recent developments have further assessed the economics of particle TES and support its 

potentials in LDES [10] and industry process heat. 

Minimizing thermal loss rates through the TES containment is critical to maintaining high 

particle temperatures, and thereby high thermal-to-electric efficiency during discharge, for 

long-duration storage applications. Transient finite element analysis (FEA) models were 

developed for both prototype-scale and commercial-scale TES containment analysis. Appendix 

A.2 shows the thermal models using the FEA method and applies different operating conditions 

and geometries appropriate to each scale. 

To study the tradeoff between insulation design, system performance and cost, a transient, 1D 

thermal insulation model. Figure 9 shows the thermal resistance model with various insulation 

layers, concrete walls, and ambient heat transfer as well as defines key variables such thermal 

resistance, energy flows, material properties, and dimensions. Three insulation mechanisms are 

analyzed between the bulk particles of the storage silo and ambient environment. First, a film 

layer comprised of two parallel resistances represents the film conduction of the gas g and 

particle p phases. This film layer is considered mass-less with no thermal mass. Second, the 

primary insulation layers are designed with four insulation layers as shown in Figure 8.bError! 

Reference source not found..  

 

Figure 9. Graphical representation of the mathematical description of both the volume and 

insulation model that comprise a single particle storage silo model. 

Four layers have significant mass and heat capacities such that they absorb, store, and release 

thermal energy. Insulation layer j is assumed to have a mean temperature at the center of the 

given insulation layer Tlj. Lastly, there is the convective thermal resistance Rconv between the 

exterior wall of the particle storage silo and ambient. Gas and particle temperatures, Tg and Tp, 

respectively, are the connection points between the insulation and thermal mass sub-

components of the overall particle storage model. Ambient temperature Tamb is considered a 

fixed parameter. Tg, Tp, and Tamb are the boundary conditions for the insulation model. The film 

layer thermal resistances are defined as follows: 
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𝑅𝑓,𝑔 =
δ𝑓,𝑔

π𝐷𝑠𝑖𝑙𝑜𝐻𝑔𝑘𝑔
 (1) 

𝑅𝑓,𝑝 =
δ𝑓,𝑝

π𝐷𝑠𝑖𝑙𝑜𝐻𝑝𝑘𝑝
 (2) 

Where Hg and Hp are the height of the gas and particle medium in the storage silo at a given 

time, respectively, δf,g and δp,g are the gas and particle medium film thickness, respectively, and 

Dsilo is the inner diameter of the silo. The thermal resistance between node i and layer j is as 

follows: 

𝑅𝑖,𝑙𝑗 =

ln [
𝑟𝑠𝑖𝑙𝑜 + ∑ δ𝑗

𝑗−1
𝑗=1 +

1
2
[2 − (𝑗 − 𝑖)]δ𝑗

𝑟𝑠𝑖𝑙𝑜 + ∑ δ𝑗
𝑗−1
𝑗=1 +

1
2
[1 − (𝑗 − 𝑖)]δ𝑗

]

2π𝐻𝑠𝑖𝑙𝑜𝑘𝑗
  ∀𝑗 ∈ 𝐽, 𝑖 ∈ {𝑗 − 1, 𝑗} 

(3) 

Each insulation layer has two thermal resistance terms: one for the inner half of the cylindrical 

layer and one for the outer half of the cylindrical layer. The thermal resistance model was used 

to study insulation performance and its sensitivity to design and cost. 

The simple transient, 1D heat equation model was built to first screen potential insulation 

designs (i.e., thicknesses of each layer). The model used a standard commercial partial 

differential equation solver. This preliminary sizing tool saved using the significantly more 

computationally expensive FEA methodology to iterate over the insulation design.  

The simple thermal model yielded a promising insulation design that was in line with thermal 

limits of materials. The insulation design is shown in Figure 8.b. This insulation design was 

applied to a commercial-scale particle storage silo geometry. The commercial-scale model 

examines a storage silo designed to store 6.5 GWhth. A FEA model used the simulation 

software (ANSYS Mechanical), solution methodology (Appendix A.2), and refractory 

materials as the prototype-scale model and experimental setup. The FEA model solved the 3D, 

transient heat equations as detailed in Appendix A.2. The results of the commercial-scale FEA 

model are shown in Figure 10. 

The computational results show that the insulation design retains 98% of the thermal energy 

after 5 days of storage, with an average particle temperature greater than 1,180°C as shown in 

Figure 10.a. This high efficiency of the storage silo was relatively insensitive to ambient 

conditions and operating cycles. The one-dimensional temperature profile in Figure 10.b shows 

the radial temperature distribution through the particle domain and the various insulation 

layers. Particles within the 7-m radius core remain very close to 1,200°C even after 5 days of 
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storage. This illustrates the self-insulating effects of the particles due to their solid, static nature 

(compared to a liquid storage medium in which free convection can induce mixing). 

  

a. Average particle temperature over 5 days 

(120 hours) of storage  

b. Radial temperature profile after 5 days of 

storage 

Figure 10. Temperature profiles from product-scale TES containment model. 

Layers shown in the temperature profile in Figure 10.b include L1: high-density refractory 

lining, L2: low-density refractory layer, L3: calcium silicate, and L4: concrete. The 

temperatures through insulation layers L2, L3, and L4 drop substantially, and they are lower 

than 100°C on the inner face of the concrete silo, which ensures that the concrete structure is 

within its thermal allowance. The insulation design simulated here achieved the target <1% 

energy losses per day. 

3.3. Discharge Heat Exchanger 

Conventional heat exchangers use a heat transfer interface separating the two heat transfer 

media, such as shell-tube or plate-plate heat exchangers. Heat exchanger designs for hot 

particles with a working fluid often take on one of two types of configurations: a moving 

packed bed or a fluidized bed. The PFB HX is a unique design that provides direct heat transfer 

between the hot particles and pressurized air [10]. The uniqueness of the PFB HX is the 

air/particle direct contact counterflow heat transfer in the commercial-scale design. The outer 

shell holds pressure, whereas an inner shell contains the high temperature counterflow PFB 

HX. The airflow is directly integrated with the compressor and turbine through a tube-in-tube 

connection. The direct air/particle contact eliminates the heat transfer surfaces, thus eliminating 

the interface materials and their associated temperature limitations and cost.  
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Figure 11.a illustrates the design of a PFB bed for direct air/particle heat transfer. The 

commercial-scale PFB HX design was derived from a PFB combustion boiler after removing 

coal combustion and pollution reduction systems [28]. The PFB HX design is configured to 

directly heat pressurized air by hot particles in a counterflow fluidized bed. Cold pressurized 

air from the compressor of the turbomachinery flows through the fluidized bed. In an ideal 

case, air exits the PFB HX at the hot particle temperature to drive the downstream 

turbomachinery to produce power. Aspects of the PFB HX and ABCC loop were derived from 

a commercial PFB boiler integrated with a GTCC system [16,28].  

Figure 11.b shows prototype test stations for cold and hot prototype testing, respectively. The 

cold prototype test is for observing fluidization conditions using a transparent vessel. The hot 

prototype was developed to investigate the air/particle heat transfer performance and operation 

of the PFB HX at design conditions of approximately 1 MPa and at an air exit temperature of 

1,170°C. 

        

a. Commercial-scale PFB HX 

conceptual design 

b. Cold (left) and hot (right) prototype testing 

stations 

Figure 11. The design of a PFB for direct air/particle heat transfer (images by NREL and 

Purdue). 

Figure 12 shows the cold prototype PFB bed and test results by measuring the airflow and 

pressure drop at ambient temperature and pressurized condition up to 250 kPa. The cold 

prototype uses transparent plastic columns for flow visualization. It verifies the fluidization 

condition and minimum fluidization velocity through pressure measurement and direct 

observation. 
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a. PFB prototype for fluidization test at 

ambient condition (Photo by NREL) 

b. Test results of fluidization conditions and 

pressure drop  

Figure 12. Cold PFB prototype fluidization test at ambient, pressurized conditions (250 kPa).  

Minimum fluidization occurs when the bed pressure becomes constant with increasing air 

velocity, indicating that the fluidizing air suspends the particle weight. The minimum 

fluidization velocity for an initial bed height of 0.191 m (7.5 in.), 0.254 m (10 in.), and 0.419 

m (16.5 in.) was measured to be 0.276 m/s on average at ambient temperature and an absolute 

pressure of 250 kPa. Figure 12.b indicates good agreement between the measured pressure drop 

and the theoretically calculated pressure drop and shows a consistent minimum fluidization 

velocity across bed heights. 

Hot prototype test results are shown in Figure 13.b. Temperature measurements are shown at 

two locations within the fluidized bed, denoted as “Sand Top” and “Sand Bot” in the legend, 

alongside the heater set point temperature and air temperature above the fluidized bed. Figure 

13.b indicates that the internal fluidized bed can reach high temperatures while maintaining 

relatively low temperatures in the surrounding pressure vessel (denoted as “PV”). 

Based on the prototype for testing, prototype-scale and product-scale models of the PFB HX 

have been developed by using Computational Fluid Dynamic (CFD) software ANSYS/Fluent. 

The aim is to use the prototype-scale model to validate the CFD methodology and framework 

against the prototype testing results shown in Figure 13. Then the validated approach will be 

applied to the study of the commercial-scale performance of the PFB HX. The Eulerian-

Lagrangian DEM approach is feasible for the prototype scale but is intractable for a 

commercial-scale PFB HX. The CFD models use a Eulerian-Eulerian (two-fluid) method to 

reduce computational expense compared to a Eulerian-Lagrangian approach. Mathematical 

method of Eulerian-Eulerian two-fluid model is described in Appendix A.3. Both prototype-
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scale and commercial-scale models operate at on-design, commercial conditions (P = 1 MPa, 

T = 1,200°C). The prototype-scale model matches the geometry of the hot prototype test, 

whereas the commercial-scale model matches the geometry of a conceptual 300-MWth PFB 

HX. 

 
      

a. Hot PFB prototype for air/particle 

heat transfer and fluidization 

b. Hot prototype test results of air heated by hot 

particles  

Figure 13. The design of a PFB for direct air/particle heat transfer. 

Figure 14 shows a sample result from the CFD models of a product-scale PFB HX. Figure 14.a 

shows how effectively the inlet air is heated from an initial temperature (300°C) to the bed 

temperature (1,200°C). In both cases, the air temperature exceeds 1,180°C. The relatively flat 

temperature profile through the bed region (the shaded grey area) is consistent with the high 

particle surface area and correspondingly high particle-to-air heat transfer surface area.  

   

a. Prototype-scale temperature profile b. Commercial-scale transient bed pressure 

drop 

Figure 14. Sample results from both scales of CFD models of PFB HX. 
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Figure 14.b shows the transient air pressure drop across the bed at startup conditions for the 

commercial-scale PFB HX. Initial transient spikes in bed pressure drop dissipate in less than 5 

seconds and stabilize in normal PFB HX bed operation. Any additional fluctuations are minor 

and are associated with small bubbles continuing to rise through the bed. The steady-state bed 

pressure drop is approximately 34 kPa (or less than 4% of the turbine inlet pressure). Some 

additional pressure drop would occur across the air distributor, cyclone separator array, and 

piping. 

The heated exit air from the PFB HX then flows through an array of air/particle separation 

cyclones inside the pressure vessel to remove the entrained particles from the airstream. 

Air/particle cyclones are proved devices in cleaning particles from air stream with broad 

industry uses and household vacuum machines for dust removal. They can be very effective to 

remove fine particles from air flow with well-established design practices [29]. Cyclones were 

successfully used in fluidized bed boilers in connection with gas turbines [30]. The cycle design 

in this PFB HX used the design method in [29] and achieved particle separation cutoff size of 

<10 µm in particle diameter at 2.8 kPa pressure drop, which meet the turbine and system 

performance requirements set up by the ABCC integration. 

Preliminary results from the commercial-scale PFB HX model indicate that the commercial-

scale PFB HX will have the same high heat transfer effectiveness as the prototype-scale PFB 

HX. These CFD models will be further validated using prototype testing results and will serve 

as design tools to examine on- and off-design performance, future design decisions (e.g., 

distributor design, internal baffling), ramp rates, and performance at different operating 

conditions of a commercial-scale PFB HX for particle TES applications. 

3.4 ABCC Power Generation Integration 

The PFB HX is connected to the power system through a tube-in-tube air connection. Inside 

the connections, low-temperature inlet air from the turbine compressor flows in the outer shell 

and maintains a low temperature of the metal shell. Then the heated air flows through the inner 

pipe, which is insulated by a refractory lining that reduces heat transfer between the hot and 

cold airstreams. The hot air exits the inner pipe and enters the power turbine section that drives 

the power generation. Last, the exhaust air exits the turbine, drives a bottom steam Rankine 

cycle, and is released to ambient at a low temperature. 

Pressure losses of the compressed air through the flow path and PFB HX are key to the storage 

efficiency and power cycle performance. The component design and modeling determined the 

component sizing iteratively and assessed tradeoffs in the cost and performance to meet 
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targeted pressure losses through each component. Figure 15.a lists the major pressure drops 

through key components at a design point of 270 MWt/135MWe power generation capacity. 

Figure 15.b shows the distribution of pressure losses among the flow paths. About 80% of 

pressure loss occurs in PFB HX, which is primarily caused by fluidizing solid particles and 

follows calculation by the Ergun equation. The total pressure loss of 42.08kPa is lower than 

the pressure loss target set in ABCC cycle modeling for >52% cycle efficiency.  

a. 

Pressure Losses kPa 

Outer Pipe 1.73 

PFB Vessel 0.05 

Air Distributor 2.5 

PFB HX 33.76 

Cyclone 2.8 

Inner Pipe 1.23 

Total 42.08 
 

b.

 

Figure 15. Pressure losses through the flow path and PFB HX to meet the performance 

requirements. 

The direct particle-gas contact is technically necessary and economically feasible to heat the 

compressed gas using hot particles. The designed exiting temperature of nearly 1200°C 

prohibits using any metal or metal alloy to contain high pressure gas. The unique PFB HX 

design enables rapid heat transfer between gas and hot particles and drives the air turbine in 

the ABCC power system. 

The cost and performance of the power generation subsystem are critical to the LCOS of the 

particle ETES system. Using high-efficiency power cycles is key for high round-trip cycle 

efficiency. The ABCC power island in the particle ETES system is based on a commercial 

GTCC product line, which provides low risk and short development time relative to a new 

power system. The thermal power efficiency of an ABCC power system is largely governed 

by the turbine inlet temperature. Figure 16 shows the relationship between the turbine inlet 

temperature and the discharging efficiency [31].  

Figure 16 indicates that the turbine inlet temperature (TIT) of the TES system needs to be greater 

than 1,170°C to reach the 52% cycle efficiency target. A power cycle performance model was 
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developed based on Aspen-HYSYS software. The power system model simulated a Class-E 

combined-cycle power block by General Electric Global Research to configure the power 

generation system for the >52% ABCC performance. The cycle model obtained the state 

conditions of air and particle flow rates, air pressure and temperatures to size the storage 

components. The cycle consists of a compressor, particle heat exchanger, power turbine, heat 

recovery steam generator (HRSG), and a steam turbine. Cycle configurations in Figure 2 were 

considered in both open and closed loops, whereas an open-loop configuration was selected as a 

simpler system. 

 

Figure 16. At >1,150℃ turbine inlet temperature, the Class-E GTCC can achieve >52% 

efficiency, and a Class-E turbine was refereed for ABCC performance (Adapted from 

reference [32]). 

The particle TES system can support any thermal-power conversion cycle. ABCC provides a 

unique opportunity to use existing GTCC product lines without using fuels or developing new 

turbomachinery. ABCC provides a larger storage temperature range than other power cycles, 

thus increasing the TES energy density due to a large temperature difference between the hot 

and cooled storage media. It can also be built upon a retired thermal power plant with an existing 

steam Rankine or a gas turbine combined-cycle power system to reduce capital investment; 

however, an emerging pumped thermal energy storage technology offers potential for even higher 

round-trip storage efficiencies [13,33–36]. Pumped thermal energy storage can increase efficiency 

for a given turbine inlet temperature by using a heat pump for charging, thereby making it an 

attractive next-generation ETES technology [35].  
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Conclusions 

A novel stand-alone particle ETES system and associated components were developed for 

electric energy storage by storing low-value, off-peak electricity in thermal energy, which can 

then be dispatched as high-value, peak-demand electricity. The particle ETES system uses 

stable, low-cost particles as storage media and a high operating temperature to drive a ABCC 

with a high thermal efficiency to meet LDES capacity and economic targets. The system 

charges storage by directly heating particles with a resistance heater that uses particle granular 

flow through arrays of heating elements. The heated particles are stored in insulated concrete 

silos and discharged through a PFB HX. The process and results of modeling, designing, and 

prototype testing provide component design approaches and operations of key components 

including electric charging particle heater, pressurized fluidized bed heat exchanger, and 

particle TES. The heat exchanger using air-particle direct contact for heat transfer between 

particles and pressurized air reduces its cost by avoiding a heat transfer interface between 

fluidizing air and particles and can operate at very high temperatures with refractory insulated 

walls. The direct-contact heat exchanger increases power cycle efficiency by retaining heat and 

operating at higher temperatures. 

The component development and prototype studies indicate the technical feasibility of the 

particle ETES system for ETES applications. Modeling and initial prototype testing has 

determined operating parameters that will guide the design and size of commercial-scale 

components. This study indicates that the performance targets for the particle ETES system, 

including a round-trip electrical storage efficiency exceeding 50%, are technically feasible. The 

relatively low cost and high efficiency of particle ETES allows LDES to become a viable and 

economic means to support renewable integration and maintain electric grid resilience. The 

large capacity and site flexibility of the particle ETES system has significant potential to 

complement alternative energy storage technologies, such as battery and PSH, for grid-scale 

energy storage.  

Appendix. Details of Mathematical Models 

A.1 MFIX Discrete Element Modeling for Particle Flow and Heat Transfer in 

Electric Heater 

Discrete Element Modeling (DEM) is a precise way to model particle flow and heat transfer. 

The high precision of the method is inherent because all particles within granular media are 

tracked. In DEM, the particles are modeled as spheres and their locations are solved with 

Newton’s laws of motion. The surrounding air is modeled as a continuum media and is coupled 
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with the particles. The interactions between the continuum and individual particles are 

expressed in interaction exchange coefficients, such as interphase drag and heat transfer. 

Particle-particle interactions are also directly simulated, making this approach more 

fundamental than the continuum approach because the solid stresses and heat transfer processes 

do not rely on closures from theory and are a direct output from the forces experienced by 

individual particles. Table A.1.1 shows the DEM model in MFIX software that solves large 

number of particles to analyze particle flow and heat transfer inside the heater [22,23,37,38]. 

Table A.1.1. Governing equations for the MFIX simulations. 

Continuum   

Gas 

Continuity 

𝜕

𝜕𝑡
(𝜀𝑔𝜌𝑔) +

𝜕

𝜕𝑥𝑖
(𝜀𝑔𝜌𝑔𝑢𝑔,𝑖) = 0  (A.1.1) 

Gas 

Momentum 

𝜕

𝜕𝑡
(𝜀𝑔𝜌𝑔𝑢𝑔,𝑖) +

𝜕

𝜕𝑥𝑗
(𝜀𝑔𝜌𝑔𝑢𝑔,𝑗𝑢𝑔,𝑖) =

𝜕

𝜕𝑥𝑗
(−𝑝𝑔𝛿𝑖𝑗 +

𝜏𝑔,𝑖,𝑗) − 𝐼𝑔𝑝,𝑖 + 𝜀𝑔𝜌𝑔𝑔𝑖   
(A.1.2) 

Gas Energy 

Balance 𝜀𝑔𝜌𝑔𝐶𝑝𝑔 (
𝜕𝑇𝑔

𝜕𝑡
+ 𝑢𝑔,𝑗

𝜕𝑇𝑔

𝜕𝑥𝑗
) = −

𝜕

𝜕𝑥𝑖
(−𝜅𝑔

𝜕𝑇𝑔

𝜕𝑥𝑖
) + 𝛾𝑐𝑝(𝑇𝑔 −

𝑇𝑝)  
(A.1.3) 

DEM Particle Flow Model  

Particle 

position 
𝑑𝑿(𝑖)

𝑑𝑡
= 𝑽(𝑖)  (A.1.4) 

Linear 

velocity 𝑚𝑝
(𝑖) 𝑑𝑽(𝑖)

𝑑𝑡
= 𝑚𝑝

(𝑖)
𝒈 + 𝑭𝑛𝑐

(𝑖) + 𝑭𝑐
(𝑖)

  (A.1.5) 

Interphase Equations  

Gas-Solid 

Momentum 

Transfer 

𝑰𝑔𝑝 =
1

𝑉̃𝐶𝑉

(𝑭𝑛𝑐𝐾𝐶𝑉) (A.1.6) 

Drag 

Model[27]  𝛽𝑔𝑝 =
3𝜀𝑝𝜀𝑔𝜌𝑔

4𝑉𝑟𝑝
2 𝑑𝑝

(0.63 + 4.8√
𝑉𝑟𝑠

𝑅𝑒𝑝
)

2

|𝑽𝑔 − 𝑽𝑝|  (A.1.7) 

 𝑉𝑟𝑝

= 0.5(𝐴 − 0.06𝑅𝑒𝑝

+ √(0.06𝑅𝑒𝑝)
2
+ 0.12𝑅𝑒𝑝(2𝐵 − 𝐴) + 𝐴2) 

(A.1.8) 

 
𝑅𝑒𝑝 =

𝐷𝑝|𝑽𝑔|𝜌𝑔

𝜇𝑔
  (A.1.9) 

 𝐴 = 𝜀𝑔
4.14 (A.1.10) 
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𝐵 = {

0.8𝜀𝑔
1.28

𝜀𝑔
2.65

𝑓𝑜𝑟

𝑓𝑜𝑟

𝜀𝑔 ≤ 0.85

𝜀𝑔 > 0.85
 (A.1.11) 

Heat 

Transfer[29] 
𝛾𝑐𝑝 =

6𝜅𝑔𝜀𝑝𝑁𝑢𝑝

𝐷𝑝
2   (A.1.12) 

 
𝑁𝑢𝑝 = (7 − 10𝜀𝑔 + 5𝜀𝑔

2)(1 + 0.7𝑅𝑒𝑝
0.2𝑃𝑟

1

3) +

(1.33 − 2.4𝜀𝑔 + 1.2𝜀𝑔
2)𝑅𝑒𝑝

0.7𝑃𝑟1/3  
(A.1.13) 

The particle collisions are resolved by the linear-spring dashpot (LSD) model. LSD modeling 

assumes the particles and walls are soft and compress. The compression is defined like a 

damped-spring system, hence the name. The spring constants are user-defined and the damping 

factors are dependent on the coefficient of restitution.  The Syamlal-O’Brien drag model [39] 

is used for the interphase momentum coupling. The particles are frictional based on the simple 

coulomb friction coefficient model. The coefficient was specified for both the particles and the 

walls. All relevant constants and parameters associated with the models used are given in Table 

A.1.2.  

Table A.1.2. Assumed properties for the particles, air, and walls used in the 

DEM simulations 

Particle Properties     

Particle diameter 450 µm  Fluid lens radius 270 µm 

Particle density 2600 kg/m3  Coefficient of restitution 0.9 

Thermal conductivity 1.402 W/m-K  Young’s modulus (for heat 

transfer correction) 

70 GPa 

Normal spring constant 100 N/m  Poisson’s ratio (for heat 

transfer correction) 

0.17 

Tangential spring 

coefficient 

0.286  Minimum conduction 

distance 

27.5, 1000 

nm 

Normal-to-tangential 

damping ratio 

0.5  Particle-particle friction 

coefficient 

0, 0.15, 

0.30 

Specific heat 795 J/kg-K    

     

Air Properties     

Specific heat 1004.2 J/kg-K  Molecular weight 28.7 g/mol 

     

Wall Properties     

Particle-wall friction 

coefficient 

0, 0.15, 0.30  Young’s modulus 70 GPa 

Poisson’s ratio 0.17    

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



29 

 

A.2. Insulation Thermal Model 

Transient thermal Finite Element Analysis (FEA) method was used to analyze the thermal 

performance of the storage components of the energy storage system using actual geometries 

of the components. The mathematical description of the FEA methodology used is presented 

here. 

The governing energy balance equation for a three-dimensional transient thermal FEA analysis 

is as follows: 

𝜅(𝑿)∇2𝑇(𝑿, 𝑡) = 𝜌(𝑿)𝑐𝑝(𝑿, 𝑇)
𝜕𝑇(𝑿, 𝑡)

𝜕𝑡
  (A.2.1) 

Thermal conductivity 𝜅, density ρ, and heat capacity cp are all functions of position to account 

for changes in materials throughout the domain. Thermal conductivity and density are both 

assumed to be isothermal for all materials. Heat capacity is assumed isothermal for all materials 

except for the particle medium. The heat capacity as a function of temperature for the particle 

medium is shown in  

Figure 4. The discontinuity of the particle heat capacity is caused by a change in the crystalline 

structure of the silica sand at 573 oC. Two linear equations and their associated temperature 

ranges were incorporated into the FEA model. 

To solve the governing equation, boundary conditions and boundary conditions are required. 

Where possible, FEA models include symmetrical boundary conditions. Convective boundary 

conditions were applied to all exterior facing surfaces. The value of the convective heat transfer 

coefficient was calculated based on established natural convection correlations – see Eq. 

(A.2.2)-(A.2.4). There was a natural convection for upward-facing horizontal faces, 

downward-facing horizontal faces, and vertical faces; the coefficients Ck and nk changed 

depending on the orientation of the surface – see Table A.2.1. 

𝑅𝑎 =
𝑔𝜓(𝑇𝑘 − 𝑇𝑎𝑚𝑏)𝐿𝑘

3

𝜇𝑣
2 𝑃𝑟 (A.2.2)  

𝑁𝑢𝑘 =
ℎ𝑘𝛿

𝜅
= 𝐶𝑘𝑅𝑎𝑛𝑘 (A.2.3) 

ℎ𝑘 =
𝜅𝐶𝑘𝑅𝑎𝑛𝑘

𝛿
 (A.2.4) 

where the volume expansion coefficient 𝜓 =
2

𝑇𝑘+𝑇𝑎𝑚𝑏
 . 

Table A.2.1. Natural convection heat transfer coefficient parameters. 
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Exterior surface (k) Ck nk 

Upward-facing horizontal 0.15 1/3 

Vertical 0.10 1/3 

Downward-facing horizontal 0.27 1/4 

The material properties for the various materials used for all FEA modeling present in this 

paper are shown in Table A.2.2. Particle properties are assumed to be those of a packed bad or 

“bulk” properties shown in Table 2, since in all FEA studies the particles are stagnant. The 

refractory materials and INSL2025 properties come directly from a material supplier. All other 

material properties are from common, available, and generic materials. 

Table A.2.2. Particle TES material properties. 

Material 

 

Thermal Conductivity 

[W/m-K] 

Density 

[kg/m3] 

Specific heat 

[J/kg-K] 

Refractory materials    

Petromax® 700 (P700 / Refractory A) 0.30 1000 1000 

Petromax® 550 (P550 / Refractory B) 0.25 950 1000 

Lightweight insulations    

Calcium Silicate (CaSi) 0.15 288 1030 

INSL2025 0.23 400 1140 

Mineral wool 0.08 10 837 

Structural materials    

Concrete 0.80 2400 750 

Steel 60.5 7850 434 

A.3 Computational Fluid Dynamics Modeling of Fluidized Bed Heat Exchanger 

A Eulerian-Eulerian (E-E) or Two-Fluid Method (TFM) approach was used for the CFD 

modeling of the fluidized bed heat exchanger. E-E approaches describe the gas and particle as 

interpenetrating, continuous media as opposed to the DEM approach described above which 

tracks the discrete particles. The E-E approach is less accurate than the DEM approach, but 

significantly more computationally efficient especially at larger geometries. In this paper, we 

studied fluidized bed heat exchangers up to 7.0 m in diameter and 10.0 m tall; this size is too 

impractical to use DEM approaches. Therefore, the mathematical description of the CFD model 

used is described here. 

The CFD model solved the conservation of mass, momentum, and energy equations; this 

allowed for the computation of the pressure, velocity, solid fraction, and temperature 

distribution within the fluidized bed. 

Conservation of mass 
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The governing volume-averaged conservation of mass equation for both phases, denoted by 

subscript l, is: 

𝜕𝜌𝑙𝛼𝑙

𝜕𝑡
+ ∇ ∙ (𝜌𝑙𝛼𝑙𝑢⃗ ) = 0. (A.3.1) 

The phase volume fraction was constrained by: 

∑ 𝛼𝑙
𝑛
𝑙=1 = 1, (A.3.2) 

The gas and solid phases are discrete and there are no chemical reactions present therefore 

there is no mass source term for each phase. 

Conservation of momentum 

The volume-averaged conservation of momentum equation for the lth phase is: 

𝜕(𝛼𝑙𝜌𝑙𝑢⃗⃗ 𝒍)

𝜕𝑡
+ ∇ ∙ (𝛼𝑙𝜌𝑙𝑢⃗ 𝒍𝑢⃗ 𝒍) = −𝛼𝑙∇𝑝 + ∇ ∙ 𝜏𝑙̿ + 𝛼𝑙𝜌𝑙𝑔 + ∑ 𝐾𝑚𝑙(𝑢⃗ 𝑚 −𝑛

𝑚=1

𝑢⃗ 𝑙) + 𝑆𝑚𝑜𝑚 . 
(A.3.3) 

See below for how the momentum exchange coefficient, Kml, is defined. The momentum source 

term, Smom for the carrier fluid will include the lift, virtual mass, Brownian and thermophoretic 

forces. The momentum source term also includes the momentum sink caused by any porous 

media present as is the case for the particle filter and the solid domain. The component of the 

momentum sink term for the lth phase in the ith direction due the porous media has the generic 

form of: 

𝑆𝑙,𝑖 = −(
𝜇

𝜅𝑖
𝑣𝑙,𝑖 +

1

2
𝐶2𝜌|𝑣|𝑣𝑙,𝑖), (A.3.4) 

In laminar flows, this momentum sink term yields a pressure drop that is consistent with 

Darcy’s Law: 

∇𝑝𝑙 = −
𝜇𝑔,𝑙

𝜅𝑙
𝑢⃗ 𝑙. (A.3.5) 

Conservation of energy 

Lastly, the volume-averaged conservation of energy equation for the lth phase is:  

𝜕(𝛼𝑙𝜌𝑙𝐸𝑙)

𝜕𝑡
+ ∇ ∙ (𝛼𝑙𝜌𝑙𝑢⃗ 𝒍𝐸𝑙) = −𝑝 [

𝜕𝛼𝑙

𝜕𝑡
+ ∇ ∙ (𝛼𝑙𝑢⃗ 𝑙)] + ∇ ∙ (𝛼𝑙𝑘𝑒𝑓𝑓,𝑙∇𝑇𝑙) −

ℎ𝑚𝑙(𝑇𝑙 − 𝑇𝑚). 
(1) 
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Details on the effective thermal conductivity and heat transfer coefficient between phases are 

described in the Fluent theory manual. No heat source term because no energy source is applied 

to the fluidized bed other than hot particles enter the PFB HX, where the PFB HX flow and 

gas/particle heat transfer simulation begin. Unlike a combustion PFB boiler, the PFB HX has 

no chemical reactions that would form endothermic or exothermic energy sinks or sources, 

respectively. Interphase momentum and heat exchange follows similar principles as in the 

MFIX modeling method and can be referred to relevant manual or literatures [40]. 

Nomenclatures  

A Drag parameter T Temperature 

As Particle surface area T Torque vector 

B Drag parameter u Velocity  

Cp Specific heat Ṽ Volume 

d Thickness of laminar sub-

layer surrounding particle 

Vr Terminal velocities ratio of a group 

to a single particle 

D Diameter V Velocity vector 

E Young’s modulus W Wedge width 

F Force vector x Cartesian direction 

g Acceleration due to gravity X Position vector 

g Acceleration vector due to 

gravity  

y Cartesian direction 

h Local heat transfer 

coefficient 

z Cartesian direction 

h̄ Average heat transfer 

coefficient 

Greeks  

I Interphase momentum 

transfer 

αl Volume fraction of lth phase 

I Momentum vector β Momentum transfer coefficient 

J Mass moment of inertia γcp Convective heat transfer coefficient 

of a particle 

k Spring constant δ Particle overlap 

K Function for converting 

particle drag force to 

continuum grid 

δ Displacement vector 

l Distance between particle 

centers 

δij Kronecker delta 

lw Distance between particle 

surface and wall 

ε Volume fraction 

L Distance from particle 

center to point of contact 

η Damping coefficient 

m Mass θ Surface angle 

ṁ Mass flow rate  κ Thermal conductivity 

ṁz Mass flow rate per unit 

depth 

µ Friction coefficient 

Nu Nusselt number μv Kinematic viscosity 
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p Pressure µg Dynamic viscosity 

∇p(i) Pressure gradient at particle 

position 

ν Poisson’s ratio 

Pr Prandtl number ξ Unit vector relating particles’ 

centers 

Q̇ Heat transfer rate ξ’ Unit vector relating particles’ 

centers corrected for prolonged 

contact 

r, R Radius ρ Density 

Rc Radius of contact region τ Viscous stress tensor 

R̃c Geometric contact radius ψ Volume expansion coefficient 

Rf Upper bound of particle-

fluid-particle conduction 

ω Angular velocity vector 

s Minimum conduction 

distance 

ℭ The set of particles in contact with a 

particle 

Re Reynolds number   

t Time   

    

Subscripts  Superscr

ipts 

 

amb Ambient condition CV Control volume 

c Collisional i Particle i 

CV Control volume j Particle j 

g  Gas w  Wall 

i ith component of a vector k Particle k 

in Inlet * Effective 

j jth component of a vector   

k Exterior surface of FEA 

model 

  

l lth continuous phase   

m mth continuous phase   

n Normal   

nc Non-collisional   

out Outlet   

p Particle    

pg Particle-gas   

pp Particle-particle   

pw Particle-wall   

pfw Particle-fluid-wall   

pfp Particle-fluid-particle   

t Tangential   

Acronyms 

ABCC Air Brayton Combined Cycle 

GTCC Gas Turbine Combined Cycle 

CAES Compressed Air Energy Storage 

CSP Concentrated Solar Power 
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ETES Electric Thermal Energy Storage 

HX Heat Exchanger 

HRSG Heat Recovery Steam Generator 

LDES Long Duration Energy Storage 

PFB Pressurized Fluidized Bed 

PSH Pumped Storage Hydropower 

TIT Turbine Inlet Temperature [°C] 
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