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ABSTRACT 

Energy storage will become indispensable to complement the uncertainty of intermittent 

renewable resources and to firm the electricity supply as renewable power generation 

becomes the mainstream new-built energy source and fossil fuel power plants are phased 

out to meet carbon neutral utility targets. Current energy storage methods based on 

pumped storage hydropower or batteries have many limitations. Thermal energy storage 

(TES) has unique advantages in scale and siting flexibility to provide grid-scale storage 

capacity. A particle-based TES system is projected to have promising cost and 

performance characteristics to meet the future growing energy storage needs. This paper 

introduces the system and components required for particle TES to become technically 

and economically competitive. The system integrates electric particle heaters, particle 

TES within insulated concrete silos, and an efficient air-Brayton combined cycle power 

system to provide power for storage durations up to several days via low-cost, high-

performance storage cycles. Design specifications and cost estimation of major 

components in a commercial-scale system are presented in this paper. A technoeconomic 

analysis based on preliminary component designs and performance indicates that particle 

TES integrated with an air-Brayton combined cycle power system has a path to achieve 

the targeted levelized cost of storage of 5¢/kWh-cycle at a round-trip efficiency of 50% 

when taking low-cost energy-specific components and leveraging basic assets from 

existing thermal power plants. The cost model provides insights for further development 

and economic potentials for long-duration energy storage. 
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Highlights 

1. A novel electric-thermal energy storage system is introduced for gird energy 
storage. 

2. The system uses low-cost, stable particles as storage media and can provide long 
duration electricity storage. 

3. Design and cost estimation of major storage components are presented. 
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1. INTRODUCTION 

The incorporation of renewable energy into the electric grid provides low-carbon 

electricity, but requires economic means of firming the electricity supply from 

intermittent renewable sources and minimizing curtailment of solar and wind power [1]. 

Energy storage is key to high renewable penetration and bridges the gap between the 

generation uncertainty from renewable resources and grid stability. The integration of 

excess renewable power and storage of electricity over time scales of hours or days can 

expand the fraction of total electricity generation provided by renewable energy and 

improve grid resilience [2,3]. Renewable power integration with storage can enable the 

transition to carbon-free utilities, support peak-load response, and balance electricity 

supply and demand. When phasing out fossil fuel power plants to meet the carbon neutral 

utility target in the midcentury around the world, large capacity energy storage will be 

needed to provide reliable grid power. Long-duration energy storage (LDES, 10–100 h 

duration) can complement state-of-the-art battery storage and may enable displacement 

of fossil fuel baseload generation without risking grid security when a large portion of grid 

power comes from variable renewable sources. Thus, the U.S. Department of Energy 

Advanced Research Projects Agency–Energy (ARPA-E) launched a DAYS (Duration 

Addition to electricitY Storage) program in 2018 to initiate LDES development in 

supporting future high renewable integration in the grid [4]. Carbon-free utility targets by 

2045–2050 make LDES even more critical to the future grid power supply. 
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However, the technoeconomic performance of LDES is essential to the cost and 

capacity of the energy storage technology, both of which impose challenges for 

renewable energy expansion while maintaining low electricity prices for consumers. 

Three storage technology characteristics are key to meeting the LDES capacity and cost 

requirements: (1) low storage media and containment cost, (2) low energy loss through 

storage duration, and (3) separation of the power generation system from the energy 

storage entity [4]. Recent analysis indicated that the target installed cost for the energy 

storage subsystem must be approximately 3 $/kWh, 7 $/kWh, or 40$/kWh for storage 

durations of 100 h, 50 h, and 10 h, respectively [2]. One example of an energy storage 

technology that can meet the LDES criteria is pumped storage hydropower (PSH). 

However, geological restrictions, permitting difficulties, and dependence on water 

resources have limited the future growth of PSH [4]. Similarly, compressed air energy 

storage (CAES) can achieve costs similar to PSH [2], but often requires underground 

formations such as salt caverns that constrain geographic siting. Lithium-ion batteries are 

projected to become the most commonly deployed short duration stationary storage 

technology by 2030 [5]; however, the combination of electric storage and power 

generation in a single entity incurs high costs and limits storage capacity for the 

applicability to LDES purposes. 

Thermal energy storage (TES) has been developed in conjunction with 

concentrating solar power (CSP) and has been commercially proven for large-scale, grid 

connected energy supply [6,7]. Commercialized TES deployment with CSP has focused on 
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molten salts, which have limitations related to corrosion, low-temperature freezing, and 

high-temperature stability that restrict possible application temperatures, increase 

operation complexity, and limit performance [8]. TES using solid particles is currently 

under development for next-generation CSP technologies and can overcome many 

limitations of a molten salt TES system [9]. 

This paper introduces a novel standalone electric-thermal energy storage (ETES) 

system for electricity storage that provides low storage costs and is free from 

geographical limitations. ETES development for standalone electricity storage broadens 

the potential applications for TES to integrate renewable energy from solar photovoltaic 

and wind power in addition to CSP using solar receivers [10]. Compared with PSH, CAES, 

and chemical storage technologies such as green hydrogen, TES has a low storage cost, is 

safe, and can be sited adjacent to end users with minimal geographical constraints [11]. 

These characteristics promote ease of deployment for not only ETES applications, but also 

building heating and industry process heat. 

An ETES system uses off-peak electricity to charge and store thermal energy in a 

TES system. In the system described in this paper, the charging process uses a direct Joule-

heating electric heater, which can convert 100% electricity to high-temperature heat. The 

charging efficiency is then reduced only by the component heat loss, which can be low 

with sufficient and proper insulation for high (>98%) charging efficiency. The high-

temperature heat can then generate power by a high-efficiency power cycle on grid 

demand at a high electricity price. A similar emerging storage technology is pumped 
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thermal energy storage (PTES), also known as Carnot battery [12][13], in which the off-

peak electricity is used to operate a heat pump and thereby charge hot and cold thermal 

storage reservoirs. PTES systems have been proposed with hot storage materials including 

molten salts, synthetic oil, or packed beds of rocks with projected round-trip efficiencies 

on the order of 40%–70% [13–18]. 

The technoeconomic relevance of ETES hinges on developing high-performance 

and low-cost TES combined with high-efficiency thermal-electric conversion efficiency. 

Unlike ETES and PTES systems described in the literature using liquid-phase or packed bed 

storage, the system described in this paper employs low-cost solid particle-based TES 

using similar materials as proposed for a low-cost, high-temperature particle-based 

Generation 3 CSP system [7]. Use of particulate materials for ETES applications has not 

been investigated previously. Particle TES supports operating conditions, primarily high 

storage and working-fluid temperatures, that promote high efficiency of thermal power 

cycles, while maintaining low storage media and containment cost. The economic analysis 

in this paper focuses on the standalone ETES system using particle storage media and a 

high-efficiency air-Brayton combined cycle (ABCC) power system for LDES applications. 

The ABCC power system is adopted from a commercial gas turbine combined cycle (GTCC) 

power system and can leverage commercial GTCC products. Using GTCC products 

shortens the turbomachinery development cycle as compared to developing a new 

turbomachinery system such as supercritical carbon dioxide Brayton power cycles [19] or 

PTES [12][13]. Based on a preliminary storage system configuration, the cost and 
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performance of particle TES was evaluated with respect to key component designs. The 

ETES costs are potentially significantly lower than CAES and PSH, and can economically 

serve longer storage duration than batteries. 

2. ETES CONFIGURATION USING SOLID PARTICLES 

The ETES system is based on technology development called the Economic Long-
Duration Electricity Storage by Using Low-Cost Thermal Energy Storage and High-
Efficiency Power Cycle (ENDURING) system, led by the National Renewable Energy 
Laboratory (NREL) and supported by the ARPA-E DAYS program. Figure 1 shows the 
ENDURING ETES system and components, including an electric charging particle heater, a 
TES assembly, a fluidized bed heat exchanger, and an air-Brayton cycle turbine. The 
ENDURING system is the first-of-its-kind integrating particle TES with a fluidized-bed heat 
exchanger to drive high-efficiency ABCC power generation [20,21]. The ABCC power 
capacity in the analysis is rated at 135 MWe and based on a General Electric 7E.03 class 
turbine. The storage system is designed in a modular configuration around the ABCC 
power system, which consists of energy storage components and power-related 
components. The power-specific components include the power islands and the 
components for energy conversion including the air connections, the pressurized fluidized 
bed (PFB) heat exchanger (HX), and gas/particle separation cyclones. Table 1: System 
design specifications and operating conditions of base case 

Table 2: Design capacity and cost estimation of particle electric heater without power 
supply, packaging, and support structures 

Table 3: Particle containment silo design specifications and cost estimation 

Table 4: Particle lifting skip hoist cost breakdown 

Table 5: PFB HX cost estimation breakdown 
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Table 6. Input values for sensitivity analysis of LCOS 
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Table 1 lists a base case of the designed system operating conditions. All the 

components are designed at commercial scale using heat and mass balances, the base 

case conditions in Table 1, and the GE 7E.03 turbine combined cycle power capacity of 

135 MWe, which was used for this specific electricity generation rating. The power 

generation rating can be scaled up or down by selecting and modifying other types of 

turbine systems from broad turbine suppliers. While conditions in this paper consider only 

one capacity, the storage module is flexible and can be designed to various storage 

capacities and duplicated to support needed power scales. 

Figure 2 shows a schematic of the storage process flow diagram, including particle 

and air flow paths during the charging and discharging processes. When electric power is 

cheapest, electric heaters will charge the storage modules by heating solid particles. 

During the charging step, the stored low-temperature particles are transported to the top 

of the particle heater and heated by the particle heater powered by off-peak electricity, 

as shown by the dashed line in Figure 1. The heated particles then flow into TES 

containment that consists of concrete silos with internal insulation to support high-

temperature storage, with thermal modeling results of low thermal losses of 3% over a 

100-h storage period due to effective insulation design and the particle insulation effect 

[22]. 

The storage module consists of four particle containment silos and one buffer silo 

for temporary transfer of cooled particles. Each containment can store hot and cooled 

particles, thus eliminating half of the storage containment cost compared to separate 
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hot/cold storage. When hot particles fill a TES silo, it stores nearly 6.5 GWhth, or about 25 

h of full-load ABCC operation. Four TES silos contain 26 GWh of thermal energy to serve 

100 h of discharging duration at full-load ABCC operation. The buffer silo is used to 

temporarily store cooled particles until a containment silo is completely empty after 

discharging all hot particles. Then the cooled particles will be transported by skip hoists 

to the top of the silo and distributed into the empty silo to wait for heating in the next 

charging step. This operation avoids alternating layers of cold and hot particles in any 

given silo and avoids transporting hot particles other than gravity-driven discharging to 

the PFB HX for power generation, thereby eliminating heat loss and expensive high-

temperature particle conveyors. The buffer silo imparts operational flexibility to the ETES 

system, as it eliminates the necessity of fully charging or discharging a full silo (25 h of 

full-load turbine operation in the base case conditions) in any single charge or discharge 

cycle. 

When the electricity demand is high, the stored energy discharges though the PFB 

HX to drive the power block and produce electricity. Figure 2 illustrated that the hot 

particles move through PFB HX in direct contact with compressed air from the turbine 

compressor to drive the power turbine. The exit air from the turbine compressor contacts 

the hot particles inside the PFB HX and is heated up to the turbine-inlet temperature (TIT). 

The hot air then flows through air connections to the turbines and drives a power 

generator, as shown in Figure 1. The turbine hot exhaust air is further cooled in a heat-

recovery steam generator (HRSG) that drives a bottom steam-Rankine power cycle. The 
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system power-conversion efficiency depends on the TIT determined by the particle 

temperature. This relationship between the TIT and power-cycle efficiency is critical to 

the roundtrip efficiency of the storage system. 

Targeted high-temperature operation poses challenges to component designs, 

which are addressed in several patent filings [20,23,24]. References to the system 

concepts can be traced back to our development that originated from particle-based CSP 

system and TES studies [9,25–27]. The scope of this paper focuses on the overall system 

description and preliminary component designs, sizing, and cost estimates to explore the 

economic potential of the particle ETES system for the LDES application. Thorough design 

analysis and laboratory experimental studies on individual components will be published 

separately. 

3. DESIGN AND COST ESTIMATION OF MAJOR COMPONENTS 

A schematic process flow diagram of the system and material flow for charging 

and discharging processes is shown in Figure 2. Heat and mass balances were established 

for a system rated for 135 MWe with 6.5 GWht storage capacity per silo using a 

combination of Aspen HYSYS modeling of the ABCC system performed by General Electric 

for the GE7E.03 combined cycle system and a customized storage system modeling tool 

for all other components. The following sections describe the preliminary designs and 

sizing of the charging particle heater, TES module, PFB HX, and power block, and are 

followed by cost estimation results that lead to a sensitivity analysis of the Levelized Cost 

of Storage (LCOS). 
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With unprecedented designs of the electric charging heater, particle TES 

containment, PFB HX, and auxiliary equipment, no existing cost correlations are available 

for calculating the cost of those unique components. Our research developed the cost 

from original designs of the components, calculated material uses, and estimated 

manufacturing costs. We followed the power plant cost evaluation levels defined by the 

National Energy Technology Laboratory (NETL). Figure 3 shows the levels of cost ranging 

from basic equipment, procurement cost, owner cost, and financed total plant cost [28]. 

The cost estimation depends on the level of project development and financial 

mechanisms based on the cost estimation methodology for power plants [29][30]. The 

cost estimation method for the ETES system in this paper uses the Bare Erected Cost 

(BEC). Specifically, this work only considers the capital cost of key components, including 

material use and basic fabrication, construction, and installation costs. Engineering, 

procurement costs and fees and contingency and/or site-specific costs are not included 

in the BEC cost analysis. 

3.1Charging Electric Particle Heater 

In the standalone ETES system, an electric charging heater is used to transfer the 

off-peak electric power as heat to the particles. The charging heater uses arrays of tubes 

in the configuration that leverages the knowledge gained from developing heat-absorbing 

tubules in a solar particle receiver [31]. High particle temperatures offer the 

thermodynamic capability of driving high-efficiency power cycles. In an ideal operation 

with sufficient insulation, the electric charging efficiency can be 100% by Joule heating. 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
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However, a real design must consider charging operations and thermal management to 

conserve electricity into heat for high charging efficiency (targeted at 98%). Thermal 

conversion efficiency depends on the heater structure design and insulation 

effectiveness. 

Figure 4. shows the preliminary design of the electric charging particle heater, 

which is configured in nine heater modules to form the heater assembly. The charging 

particle heater was designed based on 315 MWe electric input to heat particles to 1,200°C 

through detailed modeling of particle flow and heat transfer. In this design, the heater 

unit is equipped for each storage module of 135 MWe discharging power rating to allow 

high charging capacity and to accommodate high renewable power supply. The heater 

consists of nine identical heater modules. Each heater module works at a fixed operating 

condition and electric charging load. Changes in loads are controlled by switching on and 

off individual heater modules, and thus nine load steps can be achieved in a heater unit. 

The cost of the particle heater consists of three major parts including raw 

materials and equal amount of fabrication by initial evaluation, and is expressed in Eq. 

(1): 

�!"#$"%_'#$"%(#)* = �!"#$(+,_-(%" + �!"#$(+,_")"'"+$_%".#/$0%1 + �(+*2)#$(0+ (1) 

Detailed analyses of the heater, including dimensions, structure, and insulation 

designs were performed in order to calculate the particle heater capital cost. 

Computational models simulating particle flow and heat transfer and developing the 

design were performed and prepared for publication. Table 2 shows cost estimation 
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based on the design in Figure 4. with the consideration of materials and fabrication of 

heater modules. However, this cost does not consider electric supply, heater assembly 

structure support, and accessories, which are field related and not included in the initial 

assessment. 

3.2TES Design 

The TES-specific components to contain and handle the particles include particle 

containment silos and particle lifting skip hoists. These components are designed based 

on the storage capacity, particle temperature, and solid particle media properties. The 

particle TES was designed by using the method that we developed for designing and 

analyzing the TES containment [22,32]. 

3.2.1 Storage Media 

Many solid materials can be considered for particle TES. Silica sand was selected 

for the current system because it can be obtained from natural reserves with little 

processing, and is abundant, low cost, and environmentally compatible. The silica sand 

used for the design contains above 99% pure silica. Its stability was tested at 1,200°C in 

laboratory, and is compatible with refractory insulation materials at the applicable 

temperatures [33]. The quoted silica sand cost ranges between 30 and 40 $/Metric Ton. 

3.2.2 Particle TES Containment 

Particle containment consists of a concrete silo and an internal insulation layer. 

Concrete silos are common to hold granular materials and are easy to build. Internal 
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insulation of hot particle storage is unique and can be realized using ceramic materials. 

This work adopted refractory materials capable of holding particle temperatures above 

1,000°C. Figure 5. shows the design approach for the TES containment. During charging, 

hot particles fall into the storage silo from the top. The hot particles are discharged 

through a particle dispenser or lock hopper to the PFB HX, which drives a power block for 

electricity generation. The cooled particles are temporarily stored in the buffer silo, and 

then return to the same containment silo when this silo is empty, and the buffer silo is 

full. The one buffer silo around four hot containments only holds cooled particles, and 

costs are lower because of low insultation needs. Thus, one containment vessel can hold 

both hot and cooled particles and cuts the containment cost by half with one low-cost 

buffer silo as compared to a two-tank TES system. 

The silo geometry, silo structure and foundation, and the insulation design were 

determined by following a previously published design approach [32]. TES performance 

and cost depend on the containment and insulation. Transient thermal performance of a 

well-insulated silo was analyzed to evaluate storage thermal losses [22]. 

Key design aspects of the TES containment are shown in Figure 5, with more 

detailed method description and analysis available in our published papers [22,32]. The 

containment silo construction cost is estimated in three parts: silo (including foundation), 

insulation, and particle media. The containment cost includes both materials and 

construction labor cost estimation, which can be expressed as: 

�/0+$#(+'"+$,$0$ = �/0+$#(+'"+$ + �4#%$(/)" 
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= %�*()0,$0$ + �(+*2)#$(0+,$0$& + �4#%$(/)" (2) 

The required amount of construction and insulation materials can be calculated based on 

the designed geometries of the silo and foundation, as estimated from an engineering 

design and construction analysis [32]. The unit prices for insulation and storage particles 

were provided by material suppliers. Accordingly, the calculated TES cost including 

storage media and containment was $12 million per 6.5 GWht storage silo. Four insulated 

hot storage silos are required per 135 MWe storage module with 26 GWhth TES capacity 

for 100-h discharge duration. The unitized capital cost is 1.96 $/kWhth including 

containment silos, insulation, and storage media, which is further detailed in Table 3. 

After adding 0.042 $/kWhth skip hoist cost as shown in the next section, the total 

TES cost was estimated around 2 $/kWhth. Such a low TES cost can be attributed to the 

following factors: 

• Use of 30–40 $/Ton silica sand and low-cost containment (concrete silo, 

refractory insulation) 

• Large charging/discharging temperature difference of 900°C with the ABCC 

power cycle. 

• Containment vessels configured to store both hot and cold particles. A buffer 

silo at a fraction of the cost of a TES containment is used to temporally hold cooled 

particles and avoid transporting hot particles. 
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The low-cost TES is the key to achieve large energy capacity and the ETES economic target 

for LDES applications. 

3.2.3 Particle Transport Skip Hoist 

A skip hoist has been considered for particle transport in CSP [34] and can be 

applied in the particle TES system for bulk granular media transportation. In the ETES 

system, the skip hoist lifts particles at 300 °C from the bottom of the heat exchanger 

outlet to the top of the electric charging heater above the particle storage silo. Figure 6 

shows the major parts in a skip hoist lifting system. Two skips are driven by one motor 

with two separate drums on a single axis. Two skips run in opposite directions, i.e., when 

one skip is rising, the other one is falling. The opposite running directions recover the 

potential energy from the falling skip to the rising skip and achieve high lifting efficiency. 

The particle lifting mechanism and the insulation design of the skip were performed for 

component requirements and operation analysis. 

The skip hoist is a mature industry product, and individually made by order. Thus, 

cost estimation is difficult on an installed skip hoist system. This work sized major 

components, including a motor, a drum brake, two hoist drums, two skips, wire rope, and 

two pulleys. The cost estimation on the basic skip hoist mechanical equipment is: 

�����_ℎ����,����� = ������ + �����_����� + ����� + ����� + �����_���� + ������� (3) 
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The equipment cost breakdown is based on a study conducted at the Georgia Institute of 

Technology [35]. In addition, considering installation labor, materials, and accessory cost 

factors, the capital cost of a skip hoist can be estimated: 

�*G(4_!0(*$,$0$ = �*G(4_!0(*$,"H2(4 × (1 + �(+*$#))#$(0+ + �4#%$*&#//"**0%("*) (4) 

where �����_ℎ����,��� is the single unit skip hoist capital cost, while ������������� and 

������&����������� are multiplicative factors for installation and parts/accessories and are 

set to $276,000 and $183,000 for this analysis, respectively. Table 4 lists the cost 

breakdown for major parts in the skip hoist, resulting in a skip hoist system unitized capital 

cost of 0.042 $/kWhth. Additional costs for power control, the support tower, engineering 

and procurement are unable to be obtained, and will be the subject of development and 

deployment. 

3.3Energy Discharging Heat Exchanger 

The particle heat exchanger is a key component to connect the TES with the power 

cycle. Research work for Generation 3 CSP for supercritical carbon dioxide (sCO2) Brayton 

power cycle has focused on moving packed-bed HX [36]. A moving bed HX is simpler in 

design and requires less parasitic power for operation; however, the heat transfer 

between the particles and working fluid may be ineffective due to low heat transfer 

capability between particles and surfaces, resulting in substantial use of materials and 

high cost. Thus, a fluidized bed heat exchanger was conceptually designed and analyzed 

for particle/sCO2 HX with a thorough interpretation of the particle fluidization process 
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that is referenced in this paper [37], while this paper describes an unique direct particle-

air contact heat exchanger suitable for integrating with the ABCC power system. 

The PFB HX is designed based on power generation conditions for the air and 

particle flow and energy discharge. For the ABCC power cycle using air as a working fluid, 

an alternative approach to obtain a high heat-transfer coefficient is through direct 

gas/particle contact in a PFB HX. The PFB HX allows for direct heat transfer between the 

hot particles and pressurized gas and eliminates the cost and exergy losses of heating 

surfaces in indirect, traditional plate, or shell-tube heat exchangers. Gas exits the PFB HX 

at the maximum particle temperature to drive a high-efficiency ABCC system. Figure 7 

shows the schematic of a direct gas/particle contact PFB HX with a pressure vessel to hold 

the air pressure. The innovative PFB HX design using air/particle direct contact to heat up 

air by hot particles eliminates heat transfer surfaces that can be substantially expensive 

for 1,200°C heat transfer. 

The cost of PFB HX consists of a pressure vessel cost, PFB HX cost, and particle 

separation cyclone cost: 

(5)�LMN,"H2(4 = �LMNLO,"H2(4 + �LMNPQ,"H2(4 + �/1/)0+" 

The pressure vessel is designed according to ASME Boiler and Pressure Vessel code in 

Section VIII Division 1 to calculate the shell wall thickness [38]. AISI 4340 steel with the 

relatively high-yield strength of 450 MPa at 300℃ is selected to fabricate the inner shell 

to reduce the amount of material used and the net weight of the pressure vessel. In 
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addition, mineral wool and A36 structural steel are placed outside of the pressure vessel 

to provide the required insulation capability. The particle separation cyclone costs were 

estimated based on material and fabrication costs provided by an industry supplier. 

Additional costs may be added when the PFB HX would be engineered and manufactured. 

The PFB HX cost was based on a PFB combustion boiler to generate steam to drive a 

steam-Rankine cycle [29,39]. This PFB combustion boiler was 8.53 m in outer diameter × 

23.16 m in height, and Equation 6 is used to scale to the size of the current design by 

volume: 

�R �R 
T.V 

(6)= - /�S �S 

where � refers to equipment cost, and � is the equipment volume [40]. The conversion 

method of the Chemical Engineering Plant Cost Index (CEPCI) was used to convert the PFB 

HX cost to the year of 2019. Accordingly, the PFB system capital cost is calculated as 72.00 

$/kW. 

3.4 Power Generation System 

The conversion of thermal energy back to electricity is limited by the thermal-

electric conversion efficiency that is capped by the Carnot cycle efficiency. Therefore, one 

key factor for thermal energy to play a role in electricity storage is to improve thermal-

cycle efficiency, which is possible by adopting a high-efficiency ABCC power system that 

is adapted from a conventional GTCC. With the heat recovery steam generation (HRSG) 

driving a bottom steam-Rankine power cycle, the ABCC system creates a large 
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temperature difference that increases TES energy density, in addition to a high thermal 

power efficiency and near-term commercial availability. Thus, the configuration was 

chosen for the system analysis. 

The power block is based on the reported costs of a gas turbine plant [41]. Figure 

8 shows three storage modules of 135 MWe/26 GWhth assembled into a three GE 7E.03 

turbine on one steam turbine combined cycle power system with 400 MWe gross 

generation capacity. An extensively cited data source, the Gas Turbine World (GTW) Gas 

Turbine Handbook is used as the baseline to conduct a literature survey to obtain the BEC 

of essential components of GTCC plants [41]. The total BEC of GTCC plants is broken down 

into six sections: (1) gas turbine, (2) HRSG, (3) steam turbine, (4) cooling system, (5) 

generator with electric plant, and (6) balance of plant, miscellaneous, and control sector. 

The cost excludes land, buildings, substations, and electric connection. 

The GTCC overnight capital costs published in different sources fall within ±15% of 

the cost range provided by GTW [41]. The cost breakdown of GTCC plants based on these 

data is presented in Figure 9, which shows the average values as well as the standard 

deviations of each essential section. It should be noted that the effect of plant capacity 

on the cost breakdown is negligible when considering plant capacities above 400 MWe, 

and a combined cycle plant capacity is typically larger than 400 MWe. The CEPCI 

conversion factor is used to convert the cost to the present time, as defined in [40,42]: 

�!,# = �!,$ × �%&'%(,$ *+ # (7) 
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where ��,� is the component cost at year A, ��,� is the component cost at year B, and 

������,� �� � is the CEPCI factor, defined as the ratio of CEPCI at year B to CEPCI at year A. 

The costs of fuel-relevant auxiliary equipment and a natural gas pipeline in a GTCC system 

were deducted in the cost breakdown analysis, and the results are presented in Figure 10. 

Gas turbine and HRSG costs account for 50% of the total gas turbine combined cycle 

power generation system. 

The power system cost for the ENDURING system (���������) consists of the six 

generation components in Figure 10 (gas turbine, HRSG, steam turbine, cooling system, 

electric generator, and balance of plant, ), plus the power-specific components, including 

the PFB heat exchanger and charging electric heater (��������������). Combined with the 

power-specific component cost ��������������, the overall power system unitized cost �� 

is: 

�L = �L0-"%`1* + �L0-"%`4"/(.(/ (8) 

The ETES system offers flexibility to achieve a mix of storage durations and power 

system integrations. As shown in Figure 9, the power system costs for a 400-MWe 

capacity plant can range from approximately $625/kW (GTW 2019 price list, [40]) to 

$900/kW (CEC 2019 Power Plant Cost, [43]). Other sources of power plant cost in Figure 

9 include PJM Interconnection (716$/kW, [44]) and ESMAP– Energy Sector Management 

Assistance Program (1127$/kW for a 140 MW plant and 741$/kW for 580 MW plant, 

respectively, [45]). Combining power system costs with PFB HX costs ($72/kW, Table 5) 
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and heater costs ($17/kW, Table 3 normalized to power cycle capacity) yields an overall 

power system unitized cost ranging from $715/kW to $990/kW. Other plant costs such as 

land, buildings, substations, and grid connection are not included in these estimates, nor 

are the costs of instrumentation, the control system, engineering, and manufacturing set 

up. If an ETES system is built on a retired thermal power plant, the storage plant can 

leverage the power plant assets to potentially benefit the economics, permitting, grid 

resilience, and surrounding community. This may be realized by repurposing the site and 

grid connection or modifying a gas plant by reusing the HRSG and steam turbine. 

3.5. Case Study of Levelized Cost of Storage (LCOE) 

Determining where ETES fits in the storage mix will require a comparison of daily 

power supply/demand versus weather-related grid energy storage needs, in addition to 

consideration of the characteristics and flexibility of the ETES technology. In short 

duration storage of a few hours, frequent diurnal storage cycles allow the storage device 

to earn revenue frequently for capital returns. The installed storage infrastructure is 

therefore highly utilized. To substitute baseload power with significant renewable 

penetration to the grid, longer duration energy storage between 10 h and 100 h may be 

needed to overcome the electricity supply/demand deficits due to weather events. 

However, long duration energy storage may have fewer storage cycles, and thus favors 

storage technologies with lower capital costs. The ETES system based on particle TES can 

serve both market sectors (e.g., short duration arbitrage and long duration storage) and 

improve the capacity factor and economic return. This analysis followed ARPA-e DAYS 
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guidelines and used a fixed cycle time based on duration hours, which provides a 

conservative LCOS base value. 

The ARPA-e DAYS economic assessment method was used to assess LCOS value 

[4]. The cost split component capital costs into unit power capacity (�L, $/kW) and unit 

TES capacity (�a , $/kWhth). Additionally, the LCOS formula also considers the electricity 

purchase price (�/), discount rate (r) over year (t), round-trip efficiency (�bca), service life 

(�), annual cycles (�/(�)), and annual operation and maintenance costs (O&M). The LCOS 

equation is expressed as Equation (9) [4]: 

$ R +/($) c j&k($) + 
l2 c +/($) ?

oR 
c���� :

Ge!
; = <:f,-. 

− 1; �/ ∑$nR (Ri%)0 
+ ∑$nR (Ri%)0 

+ :
f
l

1

. 

m 
;? ∙ <∑$nR (Ri%)0 

(9) 

Equation (9) separates the cost of energy storage from the cost of the power system, 

which reflects that the ETES system splits the storage capacity and power generation 

system. Separation of storage capacity from power generation provides large storage 

capacity without incurring a large power system, which is contrast to battery storage of 

holding storage and electric production in one body. This separation of the storage entity 

and power generation system is important for long duration storage as it allows for an 

increase in storage capacity without an increase in power system capacity and cost. 

An initial analysis used default operational parameters defined by the ARPA-E 

DAYS program, including storage duration, capacity, and storage cycles. Sensitivity 

analysis was performed on variations of storage characteristics relative to the base values, 

including capital cost per kW, capital cost per kWh, variable operating cost, roundtrip 
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efficiency, and lifetime. As previously mentioned, the cost analysis only considers the 

material usage and component fabrication to derive a BEC for the major components in 

the storage system. 

Table 6 lists the baseline numbers as well as favorable and unfavorable 

assumptions that are justified further below. Note that the component costs for the 

power-specific and energy-specific components derived here fall within the bounds 

considered in Table 6; this sensitivity analysis is not intended to represent scenarios for 

specific particle ETES system designs, but rather the generic influence of each parameter 

in Equation 9 to guide priorities for research directions. 

Various system integrations are being considered that may affect the 

technoeconomic outcomes. A low electricity purchase price of 1 ¢/kWh could arise 

because of curtailment, amounting to a low average charging price. Conversely, 4 ¢/kWh 

represents implementation of renewable electricity without discounts. A roundtrip 

efficiency of 60% represents a future PTES implementation [13], whereas a roundtrip 

efficiency of 40% can be expected from modification of existing coal or single-cycle gas 

plants. The cost of the power-specific components was set between 400 $/kW and 1100 

$/kW to represent scenarios leveraging a retired fossil fuel plant or a new-build plant 

adapted from a GTCC system The typical service life for a thermal power plant can be 

more than 30 years, compared with 10 years of service life for chemical batteries. The 

cost of particle TES varies between 1.5 $/kWhth assuming future automated construction 

and 4.0 $/kWhth for an initial, small capacity unit. The annual storage cycles are assumed 
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at 162 cycles as a mix of daily arbitrage up to 25 h duration storage and 45 cycles for 100 

h long duration energy storage. Our current component design, modeling, and sizing have 

indicated that the above cost numbers are reasonably achievable. 

Figure 11 shows the results from the preliminary sensitivity analysis and reveals a 

variety of scenarios from low charging electricity price and low capital cost by leveraging 

assets of retiring thermal power plants, to a high-efficiency power cycle system such as 

pumped thermal energy storage. Favorable technical or economic sceneries may achieve 

the 5¢/kWh LCOS target, and indicate that the ENDURING system can be promising for 

LDES by possibly leveraging assets of an existing thermal power plant, including land and 

site, buildings, substation, and grid connection. The analysis shows the technical potential 

and economic pathways for the ENDRUING system to address grid storage needs by 

enabling large-scale grid integration of intermittent renewables generation, thereby 

increasing their grid value. In addition, a 100-h duration only applies to the storage 

capability of the ENDURING system and does not prevent the system running for short 

duration charge or discharge on demand. Thus, the system can provide other grid service 

or keep hot standby as spinning reserve. The flexibility in operation by the ENDURING 

system not only provides grid security in supplying power for several days, but also likely 

increases revenue by tapping into daily storage operation. 

CONCLUSION 
A novel standalone particle TES system is evaluated for electric energy storage. 

The energy storage system consists of four subsystems: (1) a novel particle heater; (2) 
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insulated particle storage silos; (3) a fluidized bed heat exchanger; and (4) an air-Brayton 

combined cycle power system. Preliminary component designs and analyses were 

performed. The TES system is effectively “charged” by heating stable, inexpensive solid 

particles (e.g., silica sand) to high temperature (1,200°C) using off-peak, low-price 

electricity. The hot particles are stored in highly effective insulated silos. During peak 

electricity hours, energy in hot particles is “discharged” through a particle-to-gas heat 

exchanger that transfers the particle heat to a working gas to drive a thermal power 

system (e.g., steam-Rankine, air-Brayton combined-cycle, sCO2 Brayton power, or 

emerging pumped thermal energy storage). 

The ETES system as introduced in this paper can support large-scale energy 

storage and facilitate baseload generation and grid stability under high penetration of 

variable renewable generation. The low-cost and high-efficiency ETES is economically 

viable and provides scalability and siting flexibility for grid-scale electric energy storage 

applications. By leveraging basic assets of land, buildings, substation, and grid connection 

from existing thermal power plants, particle TES integrated with an air-Brayton combined 

cycle power system has potential to achieve a levelized cost of storage of approximately 

5¢/kWh-cycle at a round-trip efficiency of >50% with low-cost energy-specific 

components. The cost model provides insights for an economic pathway to provide long-

duration energy storage for high renewable integration to the electric grid. 
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symbols 
C Component Capital Cost, [$] 
CP Unit Cost of Power Components [$/kW] 
CE Unit Cost of Energy Storage [$/kWh] 
F Multiplicative Factor over Base Cost 
r Financial Discount Rate 
T Service life [year] 

η Efficiency 
Acronyms 
ABCC Air Brayton Combined Cycle 
GTCC Gas Turbine Combined Cycle 
CAES Compressed Air Energy Storage 
CSP Concentrated Solar Power 
ETES Electric Thermal Energy Storage 
HX Heat Exchanger 
HRSG Heat Recovery Steam Generator 
LDES Long Duration Energy Storage 
BEC Bare Erected Cost 
TPC Total Plant Cost 
TASC Total As-Spent Capital 
TOC Total Overnight Cost 
PFB Pressurized Fluidized Bed 
PSH Pumped Storage Hydropower 
sCO2 Supercritical Carbon Dioxide 
TIT Turbine Inlet Temperature [°C] 
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Figure 1. A particle TES system integrated with a fluidized bed and power generation 

system for electric-thermal energy storage (ETES) 
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Figure 4. Modular design of the electric charging heater to store off-peak electric power 

in particle TES 
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Figure 5. TES containment illustration and parametric specifications for cost analysis 
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Figure 6. Design of skip hoist and specifications 
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Figure 7. A schematic of the PFB HX for air/particle heat transfer 
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Figure 8. Plant layout of a 400 MWe, 100-h ETES system. 
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Figure 9. Referenced commercial GTCC Bare Erected Cost with respect to the plant 

power. Sources: GTW–Gas Turbine World [41]; NETL–National Energy Technology 

Laboratory; CEC–California Energy Commission (724$/kW, [43]); PJM–PJM 

Interconnection (716$/kW, [44]); ESMAP– Energy Sector Management Assistance 

Program (741$/kW for 580 MW GTCC plant [45]) 
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Figure 10. Cost breakdown of essential components or sectors in a conventional gas 

turbine combined cycle plant 
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Figure 11. Sensitivity analysis of LCOS around the baseline 5¢/kwh cost target. 
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Table 1: System design specifications and operating conditions of base case 

Specification Unit Value 
Discharging Power Generation Capacity MWe 135 

Total Energy Storage Capacity GWhth 26 
Total Storage Duration Hours h 100 

Baseline Storage Round-Trip Efficiency % 50 
Cold Particle Temperature ℃ 300 
Hot Particle Temperature ℃ 1200 

Particle Type and Mean Diameter - Silica Sand, 616 μm 
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Table 2: Design capacity and cost estimation of particle electric heater without power 
supply, packaging, and support structures 

Particle Electric Heater Cost 
Design rate Units Cost Values 
Charging heater power capacity MW 315 
Heater cost breakdown 

Heating wire cost $ 
Refractory cost $ 
Insulation cost $ 

632,000 
300,000 
385,000 

Total Heater material cost $ 1,317,000 
Fabrication markup $ 
Single Heater Unit Capital Cost $ 
Heater Cost of Unit Power Capacity $/kW 

987,000 
2,304,000 

7.3 
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Table 3: Particle containment silo design specifications and cost estimation 

Particle Storage Parameters Cost Estimation 
Design parameters Units Values 
Single containment energy capacity GWht 6.5 
Silica sand weight in one silo ton 22500 
Silo size (Diameter × Height) ϕ20 m × 60 m 
Cost breakdown 
Cold buffer Silo Cost (1/4 split by four $
containments) 
Concrete Silo and Foundation Cost $ 
Insulation Cost $ 
Single Silo Storage Media Cost $ 

1,000,000 

3,857,000 
7,111,000 

772,000 
Single TES Unit Total Cost $ 12,740,000 
Containment Cost/Unit TE Stored $/kWhth 1.96 
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Table 4: Particle lifting skip hoist cost breakdown 

Particle Lifting Skip Hoist Parameters and Cost Breakdown 
Parameters Units Values 
Lifting height m 125 
Particle lifting rate Kg/s 300 
Particle lifting temperature ℃ 300 

Overall Lifting Efficiency % 78.8 
Cost breakdown of major parts 

Motor cost $ 150,000 
Drum brake cost $ 8,000 
Hoist drum cost $ 385,000 
Skip cost (a pair of skips) $ 24,000 
Wire rope cost $ 31,000 
Pulley cost $ 17,000 
Accessor cost $ 183,000 
Installation cost $ 276,000 
Single Skip Hoist Part Cost $ 1,074,000 

Skip Host Unitized Capital Costs $/kWhth 0.042 
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Table 5: PFB HX cost estimation breakdown 

PFB HX Cost Estimation Breakdown 
Categories Units Cost Values 
Equipment Items 

PFB Pressure Vessel Cost 
PFB HX Equipment Cost (including distributor, baffles, 
insulation, and other accessories) 
Particle Separation Cyclone Equipment Cost 
Particle Dispense Lock Hopper (one pair per PFB HX) 
Air Connection Pipelines 

$ 

$ 

$ 
$ 
$ 

2,071,000 

4,575,000 

1,174,000 
1,200,000 
700,000 

Single Unit Capital Cost (135 MWe) 
Single PFB System Capital Cost 

Gross Capital Cost (3 Units, 400 MWe) 
Whole System PFB Capital Cost 

Unitized Capital Costs 
PFB Capital Cost per Unit Power Capacity 

$ 

$ 

$/kW 

9,720,000 

29,160,000 

73 
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Table 6. Input values for sensitivity analysis of LCOS 

Favorable 
Value 

Baseline 
Value 

Unfavorable 
Value 

Unit Parameters 

�3 1.0 2.5 4.0 ¢/kWh Input electricity price during 
charging 

�45& 60 50 40 % AC system round-trip efficiency 
�' 400 650 1,100 $/kW Favorable value leverages 

retiring thermal power plants. 
Unfavorable value is power-
specific components with 20% 
contingency. 

� 30 20 10 years System service lifetime 
�& 1.5 2.0 4.0 $/kWh Capital cost for energy-specific 

components 
�3(�) 162 59 45 cycles Number of full charge-discharge 

cycles per year 
� 25 75 100 hours Storage duration 

Additional Assumptions: 
• �6 = �45& + 1.5% (to account for thermal energy loss from storage) 
• �&�(�) = 0.00171 $/kWh for fixed/var. operations/maintenance costs and periodic 

replacements 
• r = 0.1 discount rate over project lifetime 
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