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ARTICLE INFO ABSTRACT

Keywords: Thermophotovoltaic energy storage systems (TPVES) present a promising solution for large-scale electricity
Energy storage storage. To assess its economic feasibility and find optimal design, this study develops and experimentally val-
Thermophotovoltaic

idates a physics model to evaluate TPV performance across a wide range of emitter temperatures and semi-
conductor bandgaps. Building upon this, a multi-dimensional techno-economic model is established to identify
economically optimal configurations by incorporating key technical parameters and economic factors, including
the electricity price. Results indicate that the minimum levelized cost of storage (LCOS) can reach as low as 0.036
$/kWh, using a Si-based system with a 0.88 eV bandgap and an input electricity price of $0.01/kWh. However,
the configurations that achieve this economic optimum do not coincide with those delivering peak efficiency or
power density, highlighting the necessity of system-level optimization. Furthermore, by introducing electricity
price as a variable, the study provides more insights into application strategies. Compared with 18 mainstream
energy storage technologies, TPVES demonstrates competitive advantages in energy density (230-600 kWh/m?),
service life (20-25 years), and capital cost. While its round-trip efficiency is lower than that of many established
battery systems, TPVES remains economically advantageous when electricity prices are below $0.035/kWh,
making it particularly suitable for applications involving surplus or low-cost renewable energy. These findings
offer practical guidance for the application of TPV technologies in future grid-scale energy storage scenarios.

Electricity price
Bandgap
System optimization

According to the types of energy harnessed, ESS are broadly cate-
gorized into five major groups: electrical, electrochemical, thermal,

1. Introduction chemical, and mechanical [3]. Among these, electrochemical ESS are
the most widely studied and commercial application by research in-

With the development of the world industry and economy, energy stitutions and industry due to their high energy density, rapid response,
demand has been increasing continuously. According to the Interna- and geographical flexibility [4]. However, safety risks and resource
tional Energy Agency report, total global final energy use has doubled in constraints remain significant challenges. Electrical ESS offer long cycle
the last 50 years [1]. In order to meet this growing requirement, a large life and millisecond-level response times, yet their rapid self-discharge
number of countries and institutions develop renewable resources, makes them unsuitable for long-term storage [5]. Chemical ESS offer
especially solar and wind energy. However, the power generation of  the highest energy density and are environmentally friendly, yet face
these new energy technologies is intermittent due to its dependence on substantial challenges related to low round-trip efficiency and trans-
weather conditions and time of day, posing a significant challenge to the portation logistics [6]. Mechanical ESS can achieve low levelized costs
stability and regulation of complex power systems for electricity de- of electricity storage (LCOS) with grid-scale reliability, but their
partments [2]. Additionally, the peak of supplying electricity for in- implementation is often constrained by geographical requirements [7].
dustries, health care, food and agriculture are different owing to time. By contrast, thermal ESS have gained significant attention in recent
Incorporating with energy storage systems (ESS) is a great method to years due to its low cost at scale, long-term stability, and ability to

solve the difficulty, which can reduce the energy waste.

* Corresponding author.
E-mail address: jidongxu@cuhk.edu.cn (D. Ji).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.enconman.2025.120739
Received 16 July 2025; Received in revised form 29 October 2025; Accepted 1 November 2025

Available online 9 November 2025
0196-8904/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0009-0001-9473-2493
https://orcid.org/0009-0001-9473-2493
https://orcid.org/0000-0003-3743-0939
https://orcid.org/0000-0003-3743-0939
mailto:jidongxu@cuhk.edu.cn
www.sciencedirect.com/science/journal/01968904
https://www.elsevier.com/locate/enconman
https://doi.org/10.1016/j.enconman.2025.120739
https://doi.org/10.1016/j.enconman.2025.120739
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2025.120739&domain=pdf

W. Qu et al. Energy Conversion and Management 348 (2026) 120739
Nomenclature Variables
Nout The output efficiency (%)
Abbreviations Py TPV maximum power density (W/m?)
TPVES  Thermophotovoltaic energy storage Qret Net thermal radiation (W/m?)
ESS Energy storage systems J TPV cell current (A/m?)
LCOS Levelized costs of electricity storage Vv TPV cell voltage (V)
TPV Thermophotovoltaic Jo Reverse saturation current density (A/m?)
CPE Cost per energy capacity Jph The light generate current density (A/m?)
CPP Cost per power n The diode ideality factor
ESS Energy storage systems T, The temperature of the TPV cell (K)
LCOE Levelized cost of electricity R, The series resistance (Qecm?)
PCM Phase change material Rgy The shunt resistance (Qecm?)
Li-ion Lithium-ion Ac Cut-off wavelength (nm)
LA Pb-Acid Igp Spectral radiant power density(W/mS)
Na-S Sodium-sulphur VF View factor (0-1)
NaNiCl2 Sodium nickel chloride EQE; External quantum efficiency (%)
Ni-MH  Nickel-metal hydride Eg The bandgap of the TPV cell (eV)
Ni—-Cd Nickel-cadmium Temit The temperature of TPV emitter (K)
PSB Polysulfide-bromine € The emissivity of the emitter (0-1)
ZnBr Zinc-bromine JIm The current density at the MPPT (A/m?)
VRFB Vanadium redox flow battery M The voltage at the MPPT (V)
SCES Supercapacitor energy storage T'sub the sub-bandgap reflectance (0-1)
SHES Sensible heat energy storage De The price of input energy ($/kWh)
LHES Latent heat energy storage Nt Round-trip efficiency (%)
TCS Thermochemical storage Neyele Charging and discharging cycles
CAES Compressed air energy storage t. Charging time (h)
FES Flywheel energy storage ty Discharging time (h)
SMES Superconducting magnetic storage CPOM  Cost of operation and maintenance
PHS Pumped-hydro storage Nin Charging efficiency (%)
GES Gravity energy storage Ceell The cost of TPV cell ($/cm?)
0&M Operation and maintenance r Discount rate (%)

p—
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input * system
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I
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Charging time: ~hours
n: ~100%

Discharging time: ~hours
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Fig. 1. The general framework of TPVES system.

provide combined heat and power [8]. Nevertheless, the conversion of
thermal energy to electricity predominantly relies on technologies such
as the Rankine cycle, Stirling engines, and thermoelectric generators
(TEGs). The Rankine cycle is often hampered by high capital costs, a
large physical footprint, and maintenance challenges associated with its
numerous moving parts [9]. Stirling engines, despite their high effi-
ciency, are limited by their bulkiness, low power density, slow dynamic
response, and high cost, hindering their widespread adoption in mobile
or cost-sensitive applications [10]. Meanwhile, TEGs are constrained by

extremely low conversion efficiency and high costs [11]. Therefore, a
novel EES based on TPV power generation is proposed as a promising
new technology to overcome these limitations.

TPVES represent an electricity-to-heat-to-electricity conversion
process [12], which feature static energy conversion, low-cost, modu-
larity, and long-term storage capability, offering a promising novel
approach for thermal energy storage. Recent years have witnessed sig-
nificant research progress on TPV systems, demonstrating their consid-
erable potential for future applications and success. LaPotin et al. [13]
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Fig. 2. A typically structure of TPVES system.

first reported the fabrication and measurement of high-bandgap tandem
TPV cells achieving an efficiency exceeding 40 %. Roy-Layinde et al.
[14] demonstrated that an air bridge design enables the recovery of sub-
bandgap photons, allowing single-junction InGaAs TPV cells to reach 44
% efficiency under 1435 °C blackbody radiation. Amy et al. [15] pro-
posed a novel thermal energy grid storage concept utilizing high-purity
silicon as the storage material and multi-junction TPV cells as the heat
engine, projecting cost per energy capacity (CPE) below 40$/kWh and
cost per power (CPP) below 400$/kW. Kelsall et al. [16] presented a
storage system employing graphite storage blocks and multi-junction
TPV cells, predicting CPE below 20$/kWh. Additionally, spectral seg-
mentation method utilizing both short- and long-wavelength radiation
[17]1 and concentrated solar TPV [18] had been proposed to improve
TPV application. In techno-economic analysis, assessing performance
through a unified metric that evaluates the impact of efficiency and
power density [19], along with calculating the levelized cost of elec-
tricity (LCOE) for various application markets [20], are widely adopted
approaches. Datas et al. [21] modeled a storage system using low-cost
phase change material (PCM) as the storage medium, achieving a min-
imum CPE of 49.5$/kWh, and compared key economic metrics with
lithium-ion batteries.

While extensive research has focused on enhancing the performance
and feasibility of TPV systems, several critical gaps remain. Specifically,
the potential application for TPVES within real-world electricity pricing
markets and the influence of cell bandgap materials on their economic
feasibility remain critically underexplored. Furthermore, a comprehen-
sive techno-economic comparison between TPVES and existing main-
stream EES remains lacking. To address these gaps, this study makes
three primary contributions: (1) developing a comprehensive physical
and economic model to assess three distinct quality TPV system per-
formance to select the optimal bandgap materials across varying emitter
temperatures and electricity price; (2) conducting a detailed techno-
economic comparison between TPVES and 18 established energy stor-
age technologies using key metrics such as energy density, LCOS, and
service life; (3) incorporates electricity price sensitivity analysis to
identify the economic threshold and potential market scenarios for

TPVES application.
2. Methodology
2.1. Description of TPVES

Fig. 1 depicts the general framework of TPVES system, illustrating its
operational process. The system comprises electricity input, heating
system, PCM, emitter and TPV cell. Electricity input typically utilizes
low-cost renewable energy (e.g., solar, wind) that would be lost other-
wise in low electricity consumption peak. Heating methods include
ohmic, heat resistance [22], induction [23], and microwave [24]. This
work employs ohmic heating due to its low cost, near-unity energy ef-
ficiency (~100 %) and uniform temperature distribution [22]. Thermal
energy storage media options mainly encompass sensible heat, latent
heat, and thermochemical storage materials. PCMs, representing latent
heat storage, offer advantages such as high melting temperatures, high
energy storage density, and low cost; examples include silicon, iron, and
silicon-iron-boron alloys [25]. Compared to sensible heat materials,
PCMs can provide a constant high temperature for the TPV generator,
maintaining effective efficiency and power density. The emitter is
typically a high-emissivity, high-temperature material approximating a
blackbody. Silicon carbide (SiC), with a melting point of 2827 °C and a
density of 3.21 g/cma, is an excellent emitter material [15]. TPV cells
utilize various bandgap materials such as Ge, InAs, InGaAs, InGaSb,
InAsSb, InGaAsSb, and InAsSbP [26]. The bandgap of compound semi-
conductors can be tuned by adjusting constituent ratios [27]; for
instance, InGaAs ranges 0.5-0.74 eV and InGaAsP ranges 0.74-1.0 eV.
The TPVES outputs both heat and electricity, making it suitable for
dispatchable cogeneration applications [21], particularly in high-
latitude regions.

Fig. 2 illustrates the schematic of the TPVES system, composed of an
array of modular thermal cells. As detailed in the inset, each cell unit
features a central TPV cell concentrically surrounded by a TPV emitter.
This assembly is embedded within a Phase Change Material (PCM,
shown in orange), which is housed in a container. The entire array is



W. Qu et al.

Energy Conversion and Management 348 (2026) 120739

Table 1
The key thermophysical property data of the selected materials used in TPVES [21].
Material Density (g/ Specific heat (J/ Latent heat Thermal conductivity (Wm™  Melting temperature Cost Purpose Refs.
cm®) 8K (€225 K ) ($/1)
Si 2.33 0.98 1800 29 (solid) 1414 3.62 PCM [29,30,31]
60 (liquid)
Fe-26Si-9B 5.39 0.95 777 30 (solid) 1157 3.62 PCM [30]
60 (liquid)
SiC 3.21 1.26 - - 2827 3.53 TPV emitter [31]
Alumina fiber - - 0.26 1650 (max) 7.7 Thermal [32]
mat insultation
Fumed silica - - 0.034 1000 (max) 2.75 Thermal [32]
board insultation

TPV Cell
Reflector

Fig. 3. The structure of TPV cell with BSR.

enclosed by high-performance thermal insulation to minimize heat loss.
The system operation is governed by a mechanical actuation mecha-
nism. To initiate power generation, the TPV cell is precisely engaged
with the high-temperature emitter. During discharge, the PCM solidifies,
releasing substantial latent heat at a nearly constant temperature. The
emitter converts this heat into thermal radiation, which is then captured
by the TPV cell and converted into electricity, ensuring a stable power
output. To halt the process, the TPV cell is mechanically retracted from
the emitter. The optimal design of this thermal cell system is explored
through cost scaling analysis, focusing specifically on minimizing the
CPE by optimizing parameters such as PCM thickness and other geo-
metric dimensions [28]. Following the approach of Datas et al. [21],
silicon (melting temperature: 1414 °C, density: 2.33 g/cm®, latent heat:
1800 J/g, cost: 3.62 $/L) and FeSiB alloy (melting temperature: 1157 °C,
density: 5.39 g/cm3, latent heat: 777 J/g, cost: 3.62 $/L) were selected
as PCMs, as shown in Table 1. Alumina fiber mat and fumed silica board
were used for thermal insulation. Through the design of reasonable
structures, CPE values of 4.95 $/kWh (applicating FeSiB) and 6.27
$/kWh (applicating Si) were achieved.

2.2. Mathematical model of TPV system

This study applies a single diode numerical model of TPV cells with
back surface reflectors (BSRs). The single diode model has been proven
to be able to accurately predict the current-voltage (I-V) curve of the
TPV system under given working conditions [33]. The BSRs are also

widely used in various TPV systems to enhance efficiency by reflecting
the sub-bandgap photons, which cannot be converted to electrical power
[14,34,35]. Fig. 3 shows the concept of the BSRs.

The single diode equation is given by [33],

V+IR
Rsh

J:Jph—Jo{exp{ (V+IRS)} —1}— D

q
nkg T,
where J and V are current and voltage of TPV cell, respectively. The Jpn
denotes the light generate current density, which can be approximated
by the short circuit current density Js. [36]. Jo represents the reverse
saturation current density, n is the diode ideality factor. The g, kg and T,
denote the elementary charge, Boltzmann constant and cell tempera-
ture, respectively. Rs and Ry, are series resistance and shunt resistance,
respectively.

The short circuit current density can be calculated by

Je
Je = / %IBB e EQE, o VF e edi 2
300nm
where /. is cut-off wavelength, h and ¢ denote Plank’s constant and
speed of light, respectively. Igp represents the spectral radiant power
density of TPV emitter which is assumed as a blackbody and VF is the
view factor assumed as 1 in this system. A, is interpreted by

e

A
c Eg

3

where Ej is the bandgap of the TPV cell.

EQE, is a function of external quantum efficiency of TPV cell in
response to the wavelength. Spectral radiant power density is inter-
preted by Plank’s law

27hc? 1

T = 6 =5 T —1 @

where Tepit is the emitter temperature, and ¢ denotes the emissivity of
the emitter.

After drawing the I-V curve of the TPV cell under the given condition,
the maximum power point (MPPT) can be traced, and thereby the
maximum power density (Py;) can be calculated by

Py = JuVu )

where Jy and V) are the current density and voltage at the MPPT.

The net thermal radiation from the emitter to TPV cell is the total
incident radiation to the TPV minus the reflected radiation from the TPV
cell, so the relationship between the net thermal radiation (Quet) and the
sub-bandgap reflectance rgp, is

+00 00
Quet = / Igp ® VFdA — Tsub ® Ipp @ VFdA (6)
)

.3um Ae

Therefore, the output efficiency of TPV cell (5oyt) is
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Table 2
Three parameter configurations of TPV cells studied in this work.
Parameter Description Reference Ideal High- Intermediate
quality
n Diode ideality factor (Degraded in intermediate case to reflect higher 1.098-1.171[33] 1.0 1.0 1.15
recombination current due to reduced manufacturing quality in large-scale
production.)
Ry (anmz) Series resistance 0.014-0.054 [33] 0 0.040 0.040
Ry Shunt resistance 92-1162 [33] 10* 10° 10%
(Qecm?) (Degraded to reflect lower shunt resistance caused by process defects like
microcracks, scratches common in large-scale production.)
Jo (A/cmz) Reverse saturation current density 1.5 x 105exp(—qu/kBTc) 1 x 3 x 3 x 10° x
(Degraded in intermediate case to reflect higher recombination current due to (Model 11T in ref [[38]) Model IIT Model IIT Model IIT
reduced manufacturing quality in large-scale production.)
EQE External Quantum Efficiency - 0.9 0.9 0.9
T'sub Sub-bandgap reflectance 0.95 [34], 0.98 [35] 1 0.95 0.95
Py 100% @ its revenue streams. Specifically, faster response capabilities enable
Mlout = Qret x 0 participation in lucrative service markets. (5) Service life (years): This

In this study, three groups of typical single diode parameters are
analyzed. These groups of parameters are called ideal, high-quality, and
intermediate TPV cells, which correspond to different levels of
manufacturing technologies. The high-quality configuration corre-
sponds to the TPV cell well made in the laboratory, whereas the inter-
mediate configuration represents the cells made from a large-scale
production process. The low Ry is usually caused by many types of
process failures, such as microcracks, scratches, or improper wafer
dicing [37]. The stochastic characteristic of these defects makes them
hard to control in large-scale production, so the Ry reflects the lower
bound of production quality. The Jy is a sum of different recombination
current densities in different parts of the TPV cell, which can reflect the
overall manufacturing quality. Hence, the Ry, and Jy (and its related n)
are chosen to be degraded in the intermediate configuration. The in-
fluences of other parameters on the economic results are studied in the
sensitivity study section. The parameters configurations are listed in the
Table 2.

2.3. Techno-economic metrics

The economic viability of an energy storage system is commonly
evaluated using LCOS, which represents the comprehensive lifetime cost
per unit of discharged energy ($/kWh). As an integrative metric, the
LCOS is fundamentally determined by key technical and economic pa-
rameters. Furthermore, it is crucial to explore how individual technical
metrics influence a system’s suitability for various market applications.
The main techno-economic metrics are detailed below.

(1) Energy Density (kWh/m®): This metric represents the energy
capacity stored per unit volume of the entire system. A higher energy
density corresponds to a smaller physical footprint, which in turn yields
substantial cost savings in land acquisition, civil works, and installation,
especially for space-constrained applications. (2) Roundtrip efficiency
(7,¢+), which is computed by the electricity input efficiency and output
efficiency (7, = 7;,9%,)- A lower efficiency signifies greater energy
losses, meaning more input electricity must be purchased to deliver the
required output. Roundtrip efficiency is a primary driver of the LCOS, as
the cumulative cost of these energy losses over the system’s operational
lifetime directly increases the overall cost. (3) Daily self-discharge rate
(%/day): This parameter quantifies the rate at which a system’s stored
energy dissipates due to internal processes, such as heat loss in thermal
storage, during idle periods. For long-duration storage applications, a
high self-discharge rate is particularly detrimental. It necessitates more
frequent recharging cycles to maintain a state of readiness, thereby
increasing operational expenditures and growing the overall LCOS. (4)
Response time: This metric defines the time required for a storage sys-
tem to ramp from an idle or charging state to its target power output
following a dispatch signal. This time is a critical factor in determining

parameter refers to the operational duration over which a system can
perform according to its specified technical requirements. Service life is
a foundational component in LCOS calculation. A longer operational
lifetime allows the initial capital expenditures (CPE and CPP) to be
amortized over a greater cumulative energy output, thereby lowering
the LCOS. (6) Cost per energy capacity (CPE, $/kWh): This metric rep-
resents the capital cost of components dedicated to storing energy,
including the storage medium, containment, and thermal insulation. As
a foundational component of LCOS, CPE is particularly impactful for
long-duration storage systems where energy capacity is the dominant
cost driver. Reducing CPE is a paramount objective for realizing
economically viable, large-scale energy storage. (7) Cost per power
(CPP, $/kW): This metric includes the capital cost of the power con-
version system and other components essential for charging and dis-
charging. As a key component of the LCOS, CPP is the dominant cost
driver for high-power, short-duration applications. (8) Levelized cost of
storage (LCOS, $/kWh): As the principal metric for assessing the eco-
nomic feasibility of an energy storage system, the LCOS provides a
comprehensive figure of merit. It integrates the most of related techno-
economic parameters, including CPE, CPP, roundtrip efficiency, self-
discharge rate and the system’s service life. The LCOS is calculated as
the ratio of the total life-cycle cost to the total lifetime discharged
energy.

While recent studies have proposed metrics for the economic analysis
of energy storage [19,21], their formulations have limitations. For
instance, the LCOS model in literature [21] omits operation and main-
tenance (O&M) costs. Similarly, the LCOE model in literature [19] does
not account for the cost of storage equipment, limiting its applicability
to EES. To address these limitations, this work introduces a compre-
hensive LCOS formulation that incorporates O&M costs, which is suit-
able for TPVES.

CPE" CPP,, CPOM)

Trele Mout ta tq

(3

rcos=Pe 1 <CPP‘“
7/,1 N, cycle

where p, is the price of input energy, #,, denotes round-trip efficiency of
energy storage system, Ny represents the charging and discharging
cycles in 1 year, CPP;, and CPP, , denotes the annualized cost per power
and cost per energy capacities respectively, t. and t; denotes charging
and discharging time respectively, ,,, denotes the output efficiency of
the system and CPOM denotes the cost of operation and maintenance of
system in 1 year. The round-trip efficiency of system can be calculated
by

Mt = MNin®Nout (9)
where 7;, denotes charging efficiency. Ny can be computed by

Ncycle = 8760/(& + td)
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Fig. 4. The experimental validation. (a) The experimental setup for validation. (b) The radiation intensity spectrum of the commercial Xenon light .
Source. (¢) EQE of the crystalline silicon cell tested in this validation, details about EQE data can be found in the Supplementary Information section. (d) Comparison
results of measured I-V data (semi-transparent dots) and I-V curves calculated by this work’s single diode computer program (lines)

Table 3
The extracted single diode parameters from the first 2 I-V curves.

Parameter Extracted from first 2 I-V curves
n 1.44

R (Qecm?) 0.157

R (Qecm?®) 7272

Jo (A/em?) 1.16 x 10

CPX’ is interpreted by annualized law

cpx’ = cpx T+

a1 a0

where r denotes discount rate and n represents the service life of the
system. The cost of per output power (CPP ) can be calculate by

Ccell

m

CPPyy = an

where C.; denotes the cost of TPV cell and p,, denotes the maximum
power density of TPV generator.

2.4. Experimental validation

To validate the accuracy of the power generation model and corre-
sponding single diode calculation program, an experimental test was
conducted. 5 I-V curves are measured under the 5 different incident
radiation densities. The 2 I-V curves correspond to the first and second

minimum radiation densities are utilized to extract the n, R, Rs, and Jy
parameters of the very cell tested in this experiment. The method of the
parameter extraction is Trust Region Reflective (TRR) algorithm,
which’s validity of extracting the single diode model from I to V curve
has been proven in literature [39]. 3 more I-V curves are predicted at 3
higher radiation densities via model extrapolation with TRR extracted
parameters, then they are compared with the 3 corresponding experi-
mental measured I-V curves.

Fig. 4(a) shows the experiment setup. In order to ensure the precision
of incident radiation spectrum, the heat source in this experiment is a
standard commercial Xenon light source with an optical filter (Beijing
China Education Au-light Co., Ltd.), and the incident spectrum is shown
in Fig. 4(b). A 3 x 3 cm crystalline silicon photovoltaic cell was bonded
to a copper water-cooling plate using an electrically insulating, high-
thermal-conductivity silicone grease, with a thermocouple attached to
the back of the cell to measure its temperature in real time. Unencap-
sulated silicon PV cell without backsheet or potting was utilized to
enhance the cooling and the accuracy of temperature measurement,
hence the parameters of this test cell might slightly beneath the common
commercial photovoltaics’ standards. The laboratory chiller pumps and
chills the cooling water for the cell, the temperature of the cooling water
is controlled around 23°C. In this verification experiment, the crystalline
silicon cell was connected to a PV analyzer using gold-plated Kelvin clips
based on the four-wire measurement method commonly employed for
solar cell characterization. To get the relatively stable incident radia-
tion, the measurements are conducted 25-30 min after turning on the
Xenon lamp, and the heat flux sensor maintains on the same height with
the silicon cell.
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Fig. 6. Energy density of TPV and selected energy storage systems. The detailed data are collected from: TPV[21], NaS [40,41,42,43], NaNiCl, [40,44] LA [40,44],
Li-ion [40,44,45], Ni-Cd [40,46], Ni-MH [40,47,48], VRFB [49,50], PSB [51,52], Zn Br [40,53,54], SCES [55,56], SMES [44,55], SHES[52], LHES [40,52], TCS [40],

CAES [40,55,571, PHS [42,52,55,571, FES[40].

There are some assumptions in this experimental validation. The cell
temperature has been measured at the several points across the cell area,
and the temperature difference between points are below 0.5°C, hence
in the calculation, the temperature of the cell is assumed to be uniform.
The extracted parameters from the first 2 I-V curves are listed in Table 3.
In the calculation, the EQE spectrum is a 8th-degree polynomial curve
fitted from the original measured EQE data points. The detailed infor-
mation about the measurement and data processing of the EQE is

provided in the supplemental information section. The EQE spectrum of
the silicon photovoltaic cell in this study is shown in Fig. 4(c).

During the experiment, the cell temperature varied from 25.6 to
25.9°C, so the influence of cell temperature can be ignored, and in the
calculation, the cell temperature is fixed to 26°C. As shown in Fig. 4(d),
the calculated I-V curves match well with the experimentally measured
data. The overall RMSE of current between the calculated and measured
data is 3.3 mA, and the RMSE in the extrapolation area (the 0.24, 0.3 and
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[42,44,50,52,59,62], Li-ion [44,50,51,59,60], Ni-Cd [40,51,59], Ni-MH [40,62], VRFB [40,51,59,63], PSB [40,44], Zn Br [40,44,51,64], SCES [40,44,51], SMES

[44] [46], SHES [59,65,66], LHES [40,59,65,67], TCS [65,67,68], CAES [59], PHS [59], FES [59], GES [59], Hydrogen [59].
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Fig. 8. Daily self-discharge rate of TPV and selected energy storage systems. Data for comparison are from: TPV[21], NaS[51,52], NaNiCl[40,51] LA[40,51,69], Li-
ion[11,40,70], Ni-Cd[44,51,52,71], Ni-MH[71,72], VRFB[44,51,52], PSB[51,52], Zn Br[51,52], SCES[50,51,52], SMES[51,52], SHES[52,66], LHES[52], TCS[66].

cell. Furthermore, the model parameters were extracted at lower irra-

0.361 kW/m? radiation density) is 2.9 mA. While these RMSE values are

diance levels; any slight dependence of these parameters such as series

sufficiently low to demonstrate a strong fit, the minor discrepancies
observed can be attributed to several potential factors. Primarily, the
single-diode model is an idealized representation and may not perfectly
capture all non-linear recombination mechanisms within the physical

and shunt resistance on irradiance could introduce small errors when
extrapolating to higher radiation densities. Finally, minor experimental

uncertainties, such as the precision limits of the heat flux sensor or slight
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To evaluate the development prospects of TPVES, this study compiles

the key techno-economic metrics for five major categories of current
chemical storage encompasses Lithium-ion (Li-ion), Lead-acid (LA),

Fig. 10. Response time of TPV and selected energy storage systems. Data for comparison are from: NaS[46], NaNiCl;[59] LA[74], Li-ion[59], Ni-Cd[46], Ni-MH
3. Results and discussions
mainstream energy storage systems, as categorized in Fig. 5: Electro-

[75], VRFB[46], PSB[76], Zn Br[77], SCES[46], SMES[46], TCS[74], CAES[74,40], PHS [40], FES[46], GES[59], Hydrogen[59].

deviation. Nevertheless, the close agreement between the calculated and
measured data, as evidenced by the low RMSE values, confirms the

fluctuations in the Xenon lamp spectrum, may also contribute to the
validity of the single diode model and calculation program.
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Fig. 11. Conversion efficiency, power density and CPP of ideal TPV generator under varying bandgaps and emitter temperatures. (a) TPV conversion efficiency. (b)
TPV power density. (c) CPP of TPV cell cost at $1.1/cm?; (d) CPP of TPV cell cost at $3.3/cm? Simulations assume a blackbody emitter, TPV cell temperature fixed at
298 K, single-junction cells, 90 % quantum efficiency, unity view factor, and the TPV cell cost range of 1.1-3.3$/cm?. [21,87]. The ideal TPV parameters assume
diode ideality factor of 1, Rg, = 0 Q-cm?, Ry, = 10* Q-cm?, Jo = 1 x model, 100 % reflectance for sub-bandgap photons. In all subplots, the solid dark red line
represents the optimal bandgap trajectory that best value for a given temperature. The blue triangles mark the optimal values for each metric and the corresponding

operating conditions.

Sodium-sulfur (NaS), Sodium-nickel chloride (NaNiCl,), Nickel-metal
hydride (Ni-MH), Nickel-cadmium (Ni-Cd), Polysulfide-bromine flow
(PSB), Vanadium redox flow (VRFB), and Zinc-bromine flow (ZnBr)
batteries; Electrical storage includes Superconducting magnetic energy
storage (SMES) and Supercapacitor energy storage(SCES) systems;
Thermal storage comprises Sensible heat energy storage (SHES), Latent
heat energy storage (LHES), and Thermochemical storage(TCS) systems;
Mechanical storage involves Compressed air (CAES), Flywheel (FES),
Pumped-hydro (PHS), and Gravity (GES) energy storage; and Chemical
storage features Hydrogen storage system. Furthermore, this work pro-
poses a mathematical model to calculate specific economic parameters
for the TPVES and reviews established technical analyses recent
journals.

Detailed graphical analysis and comparative characteristics of these
technologies are presented in Sections 3.1 and 3.2, facilitating the se-
lection of the most suitable storage technology for specific applications
and summarizing their respective advantages and disadvantages.

3.1. Technical analysis

The key technical performance parameters of TPVES and selected
energy storage systems are summarized in Supplementary Table 1. The
detailed data is collected from previous peer-reviewed journals, web-
sites and books. Considering the reported data for EES can vary signif-
icantly across literature sources—influenced by factors such as scale,
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geographical location, and technological maturity—the following fig-
ures are presented to encompass the full range of collected values. This
approach ensures a comprehensive and objective comparison by illus-
trating the data spread for each technology rather than relying on single
point-estimates. Comparative graphical assessments are further pro-
vided in Figs. 6-10.

Fig. 6 illustrates a comparison of the volumetric energy density
(kWh/m3) of the TPVES against several other mainstream storage
technologies. As a key metric, energy density represents the amount of
energy that can be stored per unit volume of the entire system. A higher
energy density corresponds to a smaller physical footprint, which in turn
yields substantial cost savings in land acquisition and installation,
especially for space-constrained applications.

As is evident from the chart, the TPVES exhibits a remarkable energy
density, ranging from 230 to 600 kWh/m?®, which is superior to the other
compared technologies. Specifically, the energy density of TPV is not
only significantly higher than conventional systems such as LA, Ni-Cd,
and various flow batteries (e.g., VRFB), but it also surpasses that of
the widely adopted Li-ion batteries. This high energy density indicates
that a greater amount of energy can be stored within a smaller physical
volume, consequently positioning TPV technology as a particularly
promising solution for energy storage in space-constrained environ-
ments, such as densely populated urban areas.

As depicted in Fig. 7, a comparative analysis of round-trip efficiency
highlights a key challenge for TPVES relative to other ESS. Round-trip
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Fig. 12. LCOS of the ideal TPVES system based on Si under varying electricity input prices. (a) electricity of 0.01$/kWh, (b) electricity of 0.04$/kWh, (c) electricity
of 0.07$/kWh, (d) electricity of 0.10$/kWh. Simulations assume the system capacity of 100 MWh, reflector cost = 1.03$,/m>[88], discount rate of 7 %, system
lifetime of 25 years, charging time of 5 h and discharging time of 10 h. [20,21,89]. Other parameters consistent with Fig. 11.

efficiency, a critical metric defined as the product of the input and
output efficiencies, directly governs the economic feasibility of a storage
system. It quantifies the energy losses over a complete charge-discharge
cycle. A lower efficiency signifies greater energy losses, which leads to
higher operational expenditures, as more input electricity must be
purchased to deliver the required output, and ultimately contributes to a
higher LCOS.

A significant drawback of TPVES is its comparatively low round-trip
efficiency. This is starkly illustrated when compared with mature elec-
trochemical technologies. For example, Li-ion batteries can achieve ef-
ficiencies as high as 98 %, while NaS and LA batteries both operate at
approximately 90 %. Even when compared to large-scale physical
storage systems such as PHS and CAES, TPVES’s performance is at a
disadvantage. The maximum 44 % efficiency of the TPVES presented
here signifies substantial energy losses. Consequently, the application of
TPVES has been largely confined to scenarios where the economic
penalty of low efficiency is mitigated by low-cost input energy, such as
wind and solar energy. Despite this clear limitation, the technology is on
a promising trajectory. Recent breakthroughs have enabled TPV effi-
ciency to reach 44 %, which is a notable achievement compared to about
20 % in 10 years ago. This rapid progress suggests that as the technology
matures, the efficiency gap will continue to narrow, unlocking a much
broader range of future applications for TPVES.

Fig. 8 demonstrates the daily self-discharge rate of the TPVES in
comparison to other technologies. This parameter quantifies the rate at
which a system’s stored energy dissipates due to internal processes, such
as heat loss, during idle periods. For long-duration storage applications,
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a high self-discharge rate is particularly detrimental, as it necessitates
more frequent recharging cycles to maintain a state of readiness, thereby
increasing operational expenditures and the overall LCOS.

As shown in the figure, TPVES presents a moderate self-discharge
rate of approximately 2-5 %/day. While this is slightly higher than
near-zero-loss electrochemical systems like Li-ion, LA, and various flow
batteries, which have rates of < 1 %/day, it is substantially lower than
systems with high self-discharge, such as high-temperature Na$ batte-
ries and SCES. This self-discharge in TPV systems is primarily attributed
to thermal losses, a factor that can be effectively mitigated by improving
thermal insulation. Considering the relatively low CPE of TPVES, this
manageable thermal loss does not significantly impact its overall eco-
nomic feasibility. Furthermore, for typical storage durations of less than
one day, the cumulative energy loss is often negligible.

Fig. 9 illustrates the service life of the TPVES in comparison to other
EES. Service life refers to the operational duration over which a system
can perform according to its specified technical requirements and is a
foundational component in the calculation of the LCOS. A longer oper-
ational lifetime allows the initial capital expenditures to be amortized
over a greater cumulative energy output, thereby lowering the LCOS.

As shown in the figure, TPVES demonstrates a distinct durability
advantage over all surveyed electrochemical and chemical storage
technologies. Specifically, its lifespan surpasses that of most electro-
chemical storage technologies, such as Li-ion batteries and lead-acid
batteries, as well as FES. The lifespan of TPVES is comparable to that
of most electrical (e.g., SMES) and thermal storage systems (e.g., LHES,
TCS). Although its service life is shorter than large-scale mechanical
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Fig.13. LCOS of the ideal TPVES system based on FeSiB under varying electricity input prices. (a) electricity of 0.01$/kWh, (b) electricity of 0.04$/kWh, (c)
electricity of 0.07$/kWh, (d) electricity of 0.10$/kWh. Other parameters consistent with Fig. 12.
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Fig.14. The most economical parameter of the ideal TPVES under varying electricity input prices. (a) the energy storage material uses Si, (b) the energy storage

material uses FeSiB. Other parameters consistent with Fig. 12.

storage systems with extremely long lifespans like PHS, this competitive
service life is a key metric for achieving a favorable LCOS, confirming
the potential of TPV technology and establishing its feasibility for long-
term deployment.

Fig. 10 compares the response time of the TPVES with other EES.
Response time is the metric defining the time required for a storage
system to ramp from an idle or charging state to its target power output
following a dispatch signal. This is a critical factor in determining its
potential revenue streams, as faster response capabilities enable
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participation in lucrative ancillary service market.

As demonstrated in the figure, TPVES exhibits a response time on the
order of seconds, positioning it moderately among comparable tech-
nologies. Specifically, while it is slower than electrochemical and elec-
trical storage systems like Li-ion batteries, LA, and SMES, which can
respond on a millisecond scale, TPVES is significantly faster than tech-
nologies requiring minutes to hours to ramp up, such as CAES and TCS.
This second-scale response time, which primarily reflects the mechani-
cal translation of the TPV generator assembly, satisfies the operational
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Fig.15. Conversion efficiency, power density and CPP of high quality TPV generator under varying bandgaps and emitter temperatures. (a) TPV conversion effi-
ciency. (b) TPV power density. (c) CPP of TPV cell cost at $1.1/cm2; (d) CPP of TPV cell cost at $3.3/cm?. The high quality TPV parameters assume diode ideality
factor of 1, Ry = 0.04 Q-cm?, Rgy, = 10° Q-cm?, Jo = 3 x model, 95 % reflectance for sub-bandgap photons. Other parameters consistent with Fig. 11.

requirements for many grid integration applications.

Collectively, the moderate response performance of TPVES, com-
bined with its other key advantages like high energy density and long
service life, positions it as a transformative and viable solution for space-
constrained applications.

3.2. Economic analysis

TPVES are primarily composed by heating system, thermal storage
system and TPV generator. This work utilizes advanced and low-cost
technologies for heating and thermal storage components: ohmic heat-
ing and PCMs, which have been applied in literature [21]. The cost per
power input (CPP ;) for resistive heaters exhibits significant tempera-
ture dependence [78]. Metallic alloy heating elements operating at
maximum temperatures ~1200 °C demonstrate CPP j, values approxi-
mately 3.3 $/kW, while silicon carbide (SiC) heaters capable of higher
operating temperatures (>1600 °C) show substantially higher CPP ;,
~22 $/kW [21,79]. The selected PCMs are FeSiB (melting point: 1430 K,
CPE: 4.95$/kWh) and Si (melting point: 1687 K, CPE: 6.27$/kWh) [21].

TPV generator first developed by Henry H. Kolm at MIT in 1956 [80],
historically suffered from low conversion efficiency. This limitation
confined its applications primarily to specialized military markets until
recent decades [81]. Subsequent research revealed that integrating
back-surface reflectors effectively enhances system efficiency [82],
which has achieved at 44 % [14] recently. The technological advance-
ment reignites significant research interest in TPV systems. Accordingly,
this study establishes computational models for three distinct TPV
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generator configurations combined with heating and thermal storage
system to evaluate the key economic metrics of the TPVES. For this
economic analysis, the complex process of PCM operation within its
latent heat range is simplified by assuming a constant temperature,
thereby omitting the losses due to temperature changes during charging
and discharging.

3.2.1. Ideal TPV generator with storage system

The conversion efficiency and power density of TPV generator are
primarily determined by the bandgap energy of TPV cell materials and
emitter operating temperatures. To optimize these parameters in ideal
TPV generator, this study establishes a computational model identifying
optimal bandgap-temperature pairings. Fig. 11 presents the key per-
formance and economic metrics of a TPV system across varying emitter
temperature (1000 K to 2200 K) and cell bandgap (0.3 eV to 2.4 eV).
This analysis aims to reveal the critical trade-offs in system design and
identify the optimal operating points for different optimization goals.

Fig. 11a shows the theoretical conversion efficiency of the TPV
generator. It is evident that efficiency increases significantly with
emitter temperature. For given temperature, there exists an optimal
bandgap that maximizes efficiency, which clearly shows that the
optimal bandgap shifts to higher values as the emitter temperature rises.
Within the studied parameter range, a peak efficiency of 62.4 % is
achieved at an emitter temperature of 2200 K and a cell bandgap of 2.24
eV. Fig. 11b presents the output power density of the TPV system. The
system achieves significantly higher power densities than photovoltaics
(PV), reaching 240 kW/m? at 2200 K, which is over three orders of
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Fig.16. LCOS of the high quality TPVES system based on Si under varying electricity input prices. (a) electricity of 0.01$/kWh, (b) electricity of 0.04$/kWh, (c)
electricity of 0.07$/kWh, (d) electricity of 0.10$/kWh. Simulations assume the system capacity of 100 MWh, reflector cost = 1.03$/m2[88], discount rate of 7 %,
system lifetime of 25 years, charging time of 5 h and discharging time of 10 h. [20,21,89]. Other parameters consistent with Fig. 15.

magnitude greater than the typical PV value of 273 W/m? [83,84]. This
demonstrates TPV can release large amounts of energy within short
time. Similar to efficiency, the power density increases dramatically
with emitter temperature, consistent with the principles of thermal ra-
diation described by the Stefan-Boltzmann law [85]. However, in
contrast to efficiency, the peak power density occurs at a much lower
bandgap. The maximum power density reaches 240 kW/m? under the
conditions of 2200 K and 0.58 eV bandgap. Notably, the bandgap for
maximum power (0.58 V) is far from the bandgap for maximum effi-
ciency (2.24 eV). This reveals a fundamental trade-off between opti-
mizing for efficiency and optimizing for power density in TPV system
design. Fig. 11c-d analyze the system’s CPP, which is determined by
power density and cell cost per unit area, exhibiting a corresponding
relationship with power density at fixed cell prices. The common trend
in both plots is that the CPP decreases with increasing emitter temper-
ature and decreasing bandgap. This is because higher temperatures and
lower bandgaps yield higher power densities, as shown in Fig. 11b.
Consequently, the TPV system can achieve a CPP in the range of 46-137
$/kW, a value substantially more competitive than other energy storage
technologies. This favorable economic performance is attained because
the system’s high power density effectively offsets the expensive cell
costs, at 1.1-3.3$/cm? [21,86].

The results reveal a core trade-off in TPV system design: while
maximizing conversion efficiency necessitates wide-bandgap cell ma-
terials, maximizing power density and minimizing CPP require the
narrow-bandgap cells. To solve this conflict and identify the optimal
bandgap, it is essential to evaluate the LCOS for the entire TPVES. As
formulated in Eq. (8), the LCOS is dependent on the round-trip
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efficiency, CPE, CPP. Furthermore, our analysis incorporates the input
electricity price—a critical yet frequently overlooked parameter that
significantly influences the techno-economics of energy storage systems.
By integrating these factors, this work builds a comprehensive model to
identify the economically optimal bandgap and the lowest overall LCOS.

Fig. 12 illustrates the LCOS for an ideal TPVES system based-Si as a
function of the TPV cell’s bandgap and cost. The analysis is presented in
Fig. 12 a-d, each corresponding to a different electricity input price,
detailed data in Supplementary Table 2. In all scenarios, the LCOS shows
a positive correlation with the cell cost, but this effect is relatively lower
than changing bandgaps observed through contour lines. A distinct U-
shaped dependence on the bandgap is observed, indicating the existence
of an optimal bandgap that minimizes the LCOS. Specifically, the min-
imum achievable LCOS increases significantly with the rising cost of
input electricity. At an electricity price of 0.01$/kWh, a minimum LCOS
of 0.036%/kWh is achieved at a bandgap of 0.88 eV, shown in Fig. 12a.
As the input price increases to 0.10$/kWh, the minimum LCOS rises to
0.223$/kWh, with the optimal bandgap shifting to a higher value of
1.17 eV, shown in Fig. 12d. This trend demonstrates that higher
charging costs not only elevate the overall storage cost but also shift the
optimal TPV cell design towards wider bandgap materials under the
ideal TPVES.

To provide a comparative assessment of material selection, Fig. 13
presents the LCOS analysis for an ideal TPVES system based on FeSiB,
detailed data in Supplementary Table 3 under identical conditions as the
Si-based system shown in Fig. 12. Fig. 13a-d correspond to the same
range of input electricity prices from $0.01/kWh to $0.10/kWh. While
the FeSiB-based system shows the trends, LCOS increasing with input
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electricity price and the optimal bandgap shifting to higher energies, a derived from the detailed LCOS analyses are summarized in Fig. 14. This
direct comparison with the Si-based system reveals critical differences. figure plots the most economical round-trip efficiency and power den-
Firstly, under all tested scenarios, the minimum achievable LCOS for the sity as a direct function of the input electricity price for both Si-based
Si-based system is consistently lower than that of the FeSiB-based system and FeSiB-based systems. A crucial trend is immediately apparent: for

(e.g., 0.036%/kWh for Si vs. 0.045%$/kWh for FeSiB at an input price of both materials, the optimal efficiency exhibits a strong positive corre-
$0.01/kWh). Secondly, the optimal bandgaps for the FeSiB system lation with the input electricity price. For instance, in the Si-based sys-
(ranging from 0.70 eV to 0.94 eV) are systematically lower than those tem, the optimal efficiency rises from 43.06 % to 50.27 % as the
for the Si system (0.88 eV to 1.17 eV). electricity cost increases from $0.01/kWh to $0.10/kWh. Conversely,

To more clearly illustrate these findings, the optimal parameters the optimal power density shows an inverse relationship. These plots
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Fig. 19. Conversion efficiency, power density and CPP of intermediate quality TPV generator under varying bandgaps and emitter temperatures. (a) TPV conversion
efficiency. (b) TPV power density. (c) CPP of TPV cell cost at $1.1/cm?; (d) CPP of TPV cell cost at $3.3/cm?. The high quality TPV parameters assume diode ideality
factor of 1.15, R = 0.04 Q-cm?, Ry, = 102 Q-cm?, Jo = 3000 x model, 95 % reflectance for sub-bandgap photons. Other parameters consistent with Fig. 11.

visually confirm that when input electricity is more expensive, maxi-
mizing energy utilization through higher efficiency becomes the domi-
nant economic driver. Furthermore, Fig. 14 reinforces the superiority of
the Si-based system, which consistently achieves both higher efficiencies
and power densities compared to the FeSiB-based system across the
entire price spectrum.

This comparative analysis suggests that, within the ideal framework
of this study, Si holds a greater economic potential and that the optimal
cell bandgap choice is intrinsically linked to the target operating con-
ditions. The observed widening of the optimal bandgap reveals a key
insight: as input electricity becomes more valuable, maximizing round-
trip efficiency becomes a stronger economic driver. The model captures
the trade-off between the higher-efficiency cells and the economic
benefit of greater energy output. While this trade-off favors efficiency at
higher electricity prices, its marginal utility diminishes as the escalating
CPP begins to offset the efficiency gains. Ultimately, this comprehensive
economic model provides a powerful methodology for identifying cost-
minimizing bandgap materials under diverse operational and economic
scenarios.

3.2.2. High quality generator with storage system

To evaluate the impact of practical physical limitations on TPV
system performance, a comparative analysis is conducted between the
high-quality TPV model, shown in Fig. 15, and the ideal model from
Fig. 11. The high-quality model introduces more realistic physical con-
straints, including a non-zero series resistance (Rs=0.04 Q~cm2), a finite
shunt resistance (Rg, = 10° Q-cmz), a higher dark current accounting for
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non-radiative recombination (Jo = 3 x model), and 95 % sub-bandgap
photon reflectance.

As expected, the introduction of these realistic factors leads to a
significant reduction in all key performance metrics compared to the
ideal model. The peak conversion efficiency drops sharply from a
theoretical maximum of 62.4 % to a more practical value of 25.4 %, as
shown in Fig. 15a. Similarly, the peak power density decreases from 240
kW/m? to 45 kW/m? shown in Fig. 15b. This performance degradation
directly results in a substantial increase in the CPP. Fig. 15c presents that
under the cell cost of 1.1$/cm?, the minimum cost rises from 46$/kW to
209$/kW.

The most critical and insightful finding from this comparative anal-
ysis is the convergence of the optimal bandgaps for different perfor-
mance metrics (efficiency, power, and cost). As shown in Fig. 11, in the
ideal model, a stark conflict exists between the bandgap for maximum
efficiency at 2.24 eV and the bandgap for maximum power density at
0.58 eV, with a large gap of 1.66 eV. This presents a nearly irreconcilable
design trade-off. However, in the high-quality model, this conflict is
substantially mitigated. The optimal bandgap for achieving both peak
power and minimum cost at 1.20 eV. Furthermore, the optimal bandgap
for peak efficiency at 1.30 eV is now very close to this value, with a
difference of only 0.1 eV. This convergence of optimal points has pro-
found implications for practical device design. It demonstrates that for a
well-designed, high-quality TPV system, it is no longer necessary to
make an extreme trade-off between efficiency and power density. By
selecting a single-junction material with a bandgap in the 1.2-1.3 eV
range, it is possible to achieve near-optimal performance across all key
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Fig. 20. LCOS of the intermediate quality TPVES system based on Si under varying electricity input prices. (a) electricity of 0.01$/kWh, (b) electricity of 0.04$/kWh,
(c) electricity of 0.07$/kWh, (d) electricity of 0.10$/kWh. Simulations assume the system capacity of 100 MWh, reflector cost = 1.03$/m>[88], discount rate of 7 %,
system lifetime of 25 years, charging time of 5 h and discharging time of 10 h. [20,21,89]. Other parameters consistent with Fig. 19.

metrics simultaneously. This provides a feasible method for TPV design,
which can achieve the consistency of efficiency and power density by
adjusting the series resistance, shunt resistance and dark current of TPV
cells.

To investigate the impact of physical device limitations on the TPVES
system economics, Fig. 16 presents the LCOS analysis for the Si-based
system under high quality model. A direct comparison with the ideal
TPV reveals that these non-idealities lead to a significant increase in the
system’s LCOS. For instance, as shown in Fig. 16a, at an input electricity
price of 0.01$/kWh, the minimum LCOS rises from 0.036%/kWh in the
ideal model to 0.063$/kWh. This cost elevation persists across all
electricity price scenarios, with the minimum LCOS increasing from
$0.223/kWh to 0.446$/kWh at the 0.10$/kWh price point, presented in
Fig. 16d. Furthermore, the presence of non-idealities also influences the
optimal bandgap selection, shifting it from 0.88 eV in ideal model to
0.98 eV under low electricity prices. This analysis quantitatively dem-
onstrates that performance losses in practical devices—such as resistive,
non-radiative recombination, and optical losses—directly translate into
a degradation of storage economics. It reveals that the critical impor-
tance of minimizing these loss mechanisms in future technological
development to achieve cost-effective TPVES.

Fig. 17 applies high quality model parameters to the FeSiB-based
TPVES system, aiming for a direct comparison with the high-quality
TPV Si-based system. The results indicate that, like to the Si case, the
LCOS of the high-quality FeSiB system increases substantially compared
to its ideal model. At an input price of 0.01$/kWh, the minimum LCOS
rises from an ideal value of 0.045$/kWh to 0.078%/kWh. More critically,
the comparison with Fig. 16 reveals that the economic advantage of the
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Si-based system over the FeSiB-based system remains robust even when
practical non-idealities are considered. Across all electricity price points,
the minimum LCOS of the high-quality Si system is consistently lower
than that of the high-quality FeSiB system. For instance, at the 0.01
$/kWh price point, the LCOS for the Si system (0.063%$/kWh) is lower
than that for the FeSiB system (0.078%/kWh). This cost advantage is
maintained as the input electricity price increases. Furthermore, a
notable phenomenon is observed when comparing the high quality
TPVES model to its ideal model. In the high quality case, the optimal
bandgap changes more slowly with the increasing input electricity price.
This finding indicates that the LCOS of a high-performance TPVES is
significantly less sensitive to the choice of the bandgap.

To provide a clear visual summary of these findings, Fig. 18 presents
the optimal efficiency and power density for the high-quality TPVES as a
function of input electricity price. The figure reveals a key distinction
from the ideal case: the response of the optimal parameters to changing
electricity prices is markedly suppressed. While a slight upward trend in
efficiency is still observable for both Si and FeSiB, the curves are
significantly flatter. This directly visualizes the conclusion that the
economic optimization is less sensitive to parameter tuning when
practical non-idealities are considered.

Consequently, this comparative analysis leads to a crucial conclu-
sion: the economic superiority of Si as a TPV cell material persists
through the transition from an ideal model to a more realistic high-
quality model. This finding provides strong theoretical support for
future material selection and research and development efforts.
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3.2.3. Intermediate quality generator with storage system

To further investigate the effect of device imperfections on perfor-
mance, Fig. 19 illustrates the characteristics of an intermediate quality
TPV generator. Compared to the high-quality model, this model assumes
further degradation in device parameters, which is more representative
of potential process variations in real-world fabrication: the diode ide-
ality factor is increased to 1.15, the shunt resistance is decreased to 102
Q-cm?, and the dark saturation current is also significantly larger.

Due to the lower device quality, all key performance metrics exhibit
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a further decline compared to the high-quality model. As shown in
Fig. 19a, the peak conversion efficiency decreases from 25.4 % to 23.7
%, with its corresponding optimal bandgap at 1.38 eV. The peak power
density drops from 45 kW/m? to 40 kW/m?2, as shown in Fig. 19b, with
its optimal bandgap located at 1.24 eV. This performance degradation
directly translates into higher costs. Assuming a cell cost of 1.1$/cm?,
the minimum CPP increases from 209$/kW for the high-quality model
to 277%$/kW, presented in Fig. 19c.

Interestingly, the optimal bandgap for peak efficiency at 1.38 eV
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Fig. 23. Conversion efficiency and LCOS of ideal TPV generator under varying bandgaps and reflectivity. (a) TPV conversion efficiency based on Si. (b) LCOS of ideal
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and discharging time of 10 h. [20,89]. The ideal TPV parameters assume diode ideality factor of 1, Rs = 0 Q-cm?, Rg, = 10* Q-cm?, Jo = 1 x model. The melting

temperatures of Si and FeSiB are 1414 °C and 1157 °C respectively.

remains very close to this value of peak power density at 1.24 eV, with a
difference of only 0.14 eV. This stands in stark contrast to the nearly
irreconcilable 1.66 eV gap in the ideal model.

To further quantify the effect of cell quality on system cost, Fig. 20
presents the LCOS analysis for the Si-based system under an interme-
diate quality model. Compared to high quality model, the use of inter-
mediate quality cells results in a further and significant growth of the
system LCOS. At an input electricity price of 0.01$/kWh, as shown in
Fig. 20a, the minimum LCOS increases from 0.063$/kWh in high quality
TPV to 0.079$/kWh. This trend of cost increase is consistent across all
electricity price scenarios, indicating that intensified internal losses
within the cell directly and severely undermine the economic competi-
tiveness of the TPVES system. Furthermore, the analysis shows that the
degradation in cell quality also impacts the optimal design, with the
optimal bandgap shifting slightly higher from 0.98 eV to 1.03 eV at 0.01
$/kWh electricity price. This figure provides evidence that TPV cell
performance is a critical bottleneck determining the economic viability
of the entire storage system, where even modest degradations in per-
formance parameters lead to substantial cost increase.

Fig. 21 applies the intermediate quality model to the FeSiB based
system, facilitating a final comparison with the Si-based system under
equally realistic, lower-performance conditions. The analysis confirms
that, consistent with all previous models, the Si-based system remains
economically superior to the FeSiB-based system under intermediate
quality conditions. At an input price of 0.01$/kWh, as shown in Fig. 21a,
the minimum LCOS for the FeSiB system is 0.094$/kWh. This value is
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not only substantially higher than its costs in the ideal ($0.045/kWh)
and high-quality ($0.078/kWh) models but is also significantly higher
than the cost for the Si-based system ($0.079/kWh) under the same
intermediate quality parameters. Although the optimal bandgap for the
FeSiB system is consistently lower than that for the Si system, Si
invariably demonstrates a lower LCOS within the scope of the techno-
economic parameters explored in this study.

This conclusion is visually substantiated by Fig. 22, which illustrates
the optimal parameters for the intermediate quality TPVES. The figure
demonstrates an even more extreme flattening of the response curves
compared to the previous models. For both Si and FeSiB, the optimal
efficiency and power density are now almost completely insensitive to
the input electricity price. This indicates that as cell quality decreases,
the system’s design optimum becomes entirely constrained by the need
to manage severe internal losses, overriding any economic incentives
from fluctuating energy costs. Most importantly, Fig. 22 provides a clear
confirmation that the Si-based system maintains a robust advantage in
both efficiency and power density, even under these lower-performance
conditions.

3.2.4. Sensitivity analysis

To evaluate the influence of key parameters on the performance of
the TPVES, a comprehensive sensitivity analysis is conducted. This
analysis systematically investigated the individual effects of series
resistance, EQE, CPE, charge and discharge times, and sub-bandgap
photon reflectance. Among these, the main text provides a detailed
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Fig. 24. Conversion efficiency and LCOS of high quality TPV generator under varying bandgaps and reflectivity. (a) TPV conversion efficiency based on Si. (b) LCOS
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of 1, Rg = 0.04 Q-cm?, Ry, = 10° Q-cm?, Jo = 3 x model. Other parameters consistent with Fig. 23.

analysis of sub-bandgap photon reflectance on ideal, high-quality and
intermediate-quality TPVES. The results for the other parameter-
s—series resistance, EQE, CPE, charge time, and discharge time—are
presented in the Supplementary Information Figs. S2-S6, respectively.
For sub-bandgap photon reflectance, Fig. 23 investigates the two-
dimensional dependence of TPV conversion efficiency and the sys-
tem’s LCOS on cell bandgap and reflectivity. This analysis is conducted
for ideal TPV models based on Si and FeSiB. As for TPV conversion ef-
ficiency, shown in Figs. 23a, c, the analysis clearly demonstrates that
enhancing reflectivity is crucial for improving efficiency. This is attrib-
uted to the effective suppression of thermal losses via the recycling of
unabsorbed sub-bandgap photons back to the heat source. In the ideal
limit of 100 % reflectivity, the peak theoretical efficiencies for Si-based
and FeSiB-based TPV cells can reach 59.1 % at a bandgap of 2.02 eV and
54.6 % at a bandgap of 1.70 eV respectively. Additionally, Optimal
bandgap trajectory illustrates that as reflectivity decreases, the optimal
bandgap for achieving maximum efficiency shifts towards lower energy
values. This reveals that when photon recycling capabilities diminish, a
cell with a narrower bandgap is required to re-optimize the trade-off
between voltage loss and current gain. Furthermore, the relationship
between the optimal bandgap and sub-bandgap reflectivity is highly
nonlinear. The rightward shift of the optimal bandgap becomes more
pronounced in the high-reflectivity regime. This acceleration occurs as
sub-bandgap losses are suppressed, and minimizing thermalization los-
ses by increasing the bandgap becomes the dominant optimization
strategy. As shown in Figs. 23b, d, regarding system economics, the
LCOS exhibits extreme sensitivity to reflectivity. High reflectivity boosts
system efficiency, which reduces the energy loss, thereby significantly
lowering the LCOS. At 100 % reflectivity, the minimum LCOS for the Si
and FeSiB systems are 0.036$/kWh and 0.045$/kWh, respectively.
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These values are in perfect agreement with the results from the ideal
models in Figs. 12 and 13, confirming that those previous analyses are
based on the assumption of perfect photon recycling. Similar to the ef-
ficiency trend, the optimal bandgap for minimizing LCOS also decreases
as reflectivity decreases.

In summary, sub-bandgap photon reflectivity is a paramount
parameter governing both the performance and economic feasibility of a
TPVES system. Furthermore, the optimal bandgap for a TPV cell is not a
fixed value but a dynamic variable strongly coupled with the system’s
reflectivity. Under all comparable conditions, the Si-based system
consistently demonstrates higher efficiency potential and a lower cost of
storage than FeSiB-based TPVES.

Fig. 24 presents the reflectivity sensitivity analysis under a high
quality TPV model, which evaluate how non-idealities in practical de-
vices affect conversion efficiency and system economics through com-
parison with ideal TPV model. In contrast to the ideal TPV, this model
introduces realistic physical limitations, including a non-zero series
resistance (Rg=0.04 Q-cmz), shunt resistance (Rsh:103£2-cm2), and a
higher dark saturation current (Jo=3 x model). Additionally, high
quality TPV significantly degrade the system’s optimal performance. As
presented in Figs. 24a, c, the peak efficiency of the Si-based TPVES drops
from an ideal 59.1 % to 55.1 % and that of the FeSiB-based TPVES de-
creases from 54.6 % to 49.9 %. This quantitatively reveals the perfor-
mance penalty incurred by resistive and recombination losses. As for
economic cost, Figs. 24b, d shows that the minimum LCOS for the Si-
based system rises to 0.045%/kWh from an ideal 0.036$/kWh, while
the FeSiB system’s cost increases to 0.061$/kWh from 0.045%/kWh.
Additionally, the presence of non-idealities alters the optimal bandgap
selection. Interestingly, for achieving maximum efficiency, the optimal
bandgap shifts to lower values from 2.02 eV to 1.74 eV for Si.
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Fig. 25. Conversion efficiency and LCOS of intermediate quality TPV generator under varying bandgaps and reflectivity. (a) TPV conversion efficiency based on Si.
(b) LCOS of TPVES based on Si. (¢c) TPV conversion efficiency based on FeSiB. (d) LCOS of TPVES based on FeSiB. The high quality TPV parameters assume diode
ideality factor of 1.15, Ry = 0.04 Q-cm?, Ry, = 10% Q-cm?, Jo = 3000 x model. Other parameters consistent with Fig. 23.

Conversely, for achieving minimum LCOS, the optimal bandgap shifts to
higher values from 0.88 eV to 1.06 eV for Si. This reflects the more
complex coupling between efficiency, cost, and bandgap in a more
realistic physical model and reveals the comprehensive and superiority
of model. Despite the degradation in performance, the fundamental
trends persist. The analysis confirms that even within the high-quality
model, (1) high reflectivity remains a prerequisite for achieving high
efficiency and low cost, and (2) the optimal bandgap continues to shift to
lower energies as reflectivity deteriorates.

Fig. 25 examines the impact of reflectivity on TPVES system per-
formance and cost under an intermediate quality model. This model
introduces more severe non-ideal parameters, including a higher diode
ideality factor 1.15, a lower shunt resistance (Rsh:102 Q~cm2), and a
significantly higher dark saturation current (Jo=3000 x model). This
analysis reveals the trend of progressive performance degradation with
decreasing device quality. A clear performance decay trajectory can be
observed when comparing with ideal and high quality TPV generator.
Figs. 25a, ¢ shows that the efficiency of the Si-based TPVES decreases
from 59.1 % of ideal and 55.1 % of high quality down to 48.2 %.
Similarly, the TPVES based on FeSiB drops from 54.6 % and 49.9 % to a
final value of 40.5 %. Regarding cost, Figs. 25b, d illustrate the LCOS for
the Si-based system rises from $0.036/kWh and $0.045/kWh to a final
$0.054/kWh. Meanwhile, the LCOS for the FeSiB system climbs from
$0.045/kWh and $0.061/kWh to $0.086/kWh. This coherent dataset
compellingly demonstrates that the internal physical losses of the TPV
cell are the significant factor limiting its economic viability. Moving
from the ideal to the intermediate quality model, the LCOS for the Si
system increases by 50 %, while the LCOS for the FeSiB system nearly 91
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% increase.

A comprehensive analysis of the reflectivity sensitivity in ideal, high-
Quality and intermediate-Quality model ensures that sub-bandgap
photon reflectance is extremely significant for TPVES. The analyses
consistently demonstrate that sub-bandgap photon reflectivity is the
paramount parameter governing both the technical efficiency and eco-
nomic feasibility of the system. Any degradation in reflectivity leads to a
drastic deterioration in efficiency and a sharp increase in LCOS.
Therefore, the development of near-perfect (R > 95 %) back-reflectors
or optical filter structures is a fundamental prerequisite for the tech-
nology’s path to commercialization.

3.2.5. LCOS comparison between different EES

To assess the economic feasibility of TPVES, a comparative analysis
of its key economic parameters—CPE and CPP—is conducted against
those of mainstream storage technologies. The specific results of this
comparison are summarized in Supplementary Table 8 and further
illustrated in diagrams for a more intuitive visual comparison. The
detailed data is collected from previous peer-reviewed journals, web-
sites and books. Considering the reported data for EES can vary signif-
icantly across literature sources—influenced by factors such as scale,
geographical location, and technological maturity—the following fig-
ures are presented to encompass the full range of collected values. This
approach ensures a comprehensive and objective comparison by illus-
trating the data spread for each technology rather than relying on single
point-estimates.

As illustrated in Fig. 26, TPVES reveals a defining economic advan-
tage, with a CPE range of approximately $4.95-$40/kWh, ranking it as
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Fig. 26. CPE of TPV and selected energy storage systems. The detailed data are collected from: TPV [15,21], NaS [40,90,59], NaNiCl, [91,55] LA [46,90,40,59], Li-
ion [92,49,59], Ni-Cd [93,42,46], VRFB [59,90,49], PSB [40,69,511, Zn Br [59,51,40,44,51], SCES [46], SMES [90], SHES [40,44,65], LHES [94,40,65], TCS

[40,65], CAES [95,96,90,46], PHS[90,40,95,60], FES[90,55,46,49], GES [97].

one of the most cost-effective technologies. Specifically, the CPE for
TPVES is one to two orders of magnitude lower than that of mainstream
electrochemical batteries, such as Li-ion, LA, and VRFB. It is also
significantly lower than mechanical storage systems like PHS and FES.
Among all the technologies compared, the minimum achievable cost of
TPVES is surpassed only by SHES and CAES. This exceptionally low CPE
is a primary driver for TPVES achieving a competitive LCOS, confirming
its significant potential for energy storage applications.

As shown in Fig. 27, TPVES demonstrates a competitive CPP. This
advantage stems from its exceptionally high power density under high
temperature operating conditions, which allows for a reduction in the
required cell area per unit of power, thereby enabling a relatively low
CPP. While the CPP of TPVES may be higher than some specialized
power-centric systems like SMES or FES, it is considerably lower than
many mainstream battery technologies, such as Li-ion. A favorable CPP
is therefore critical for evaluating a technology’s suitability for high-
value, power-intensive markets.

The economic feasibility of an energy storage system is often eval-
uated by comparing its LCOS. This parameter is critically dependent on
the price of input electricity, which usually has been overlook in pre-
vious studies. Conventional economic comparisons of EES often utilize a
single off-peak price, such as 0.035$/kWh in China [100], this work
expands scope enabling a comprehensive sensitivity analysis. Fig. 28
presents a LCOS analysis comparing TPVES with mainstream EES across
a wide range of electricity prices (0.01-0.1$/kWh). This approach fa-
cilitates a comprehensive evaluation of the cost of TPVES under diverse
scenarios, revealing a broader spectrum of potential applications. For
fair comparison, the techno-economic parameters of competing storage
systems are based on their optimal reported values, as summarized in
Table 4. Technologies with high daily self-discharge rates (e.g., NaS,
NaNiCly, SCES, and SMES) are excluded from this analysis. It should be
noted that for TPVES, the optimal CPP and efficiency vary with elec-
tricity prices; therefore, its performance is represented as a range in the
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table. The specific data of TPVES at different electricity prices can be
found in Supplementary Table 2, 4, 6.

The three orange curves illustrate the LCOS of different quality
TPVES: the ideal model (Ideal-TPV), the high-quality model (HQ-TPV),
and the medium-quality model (MQ-TPV), revealing the significant
impact of TPV cell quality on system economics. The ideal-TPVES ex-
hibits relatively low LCOS in whole electricity prices, demonstrating the
immense potential of the technology. However, the cost increases
significantly when practical physical limitations are introduced. The
LCOS of the HQ-TPV is substantially higher than the ideal case, while the
MQ-TPV is even more costly, surpassing all other EES at input electricity
prices above 0.03$/kWh. This highlights the gap between theoretical
promise and practical reality, indicating that cell efficiency and internal
losses are the critical bottlenecks limiting the commercial feasibility of
TPV storage.

The LCOS curve crossover points in Fig. 28 serve as critical decision-
making criteria for EES selection. They represent the economic tipping
points where one technology becomes more cost-effective than another.
As for ideal-TPVES, it holds considerable potential in low-electricity-
price environments. At an input price of 0.01$/kWh, the LCOS of
TPVES is not only lower than the most of battery tech-
nologies—including Li-ion, Ni-Cd and various flow batteries (VRFB,
PSB, Zn-Br)—but is also competitive with thermal energy storage and
mechanical storage systems. The competitiveness owes to its low
annualized capital and operation and maintenance (O&M) costs, which
make its economic advantage in low-cost energy. However, the advan-
tage diminishes as the electricity price rises. When the input electricity
price reaches 0.10$/kWh, the LCOS for TPVES growths to 0.223%$/kWh,
exceeding all mainstream EES. For HQ-TPV and MQ-TPV systems,
though they are less cost-effective than an ideal TPV system across the
entire range of input electricity prices, still demonstrate a competitive
advantage over conventional batteries, such as lithium-ion at a low
electricity price of $0.01/kWh.
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Fig. 27. CPP of TPV and selected energy storage systems. The detailed data are collected from: NaS [90,46,59], NaNiCl, [55] LA [46,90,49,59], Li-ion
[98,49,59,46], Ni-Cd [93,46], VRFB [59,90,49], PSB [40,69,51], Zn Br [59,51,40,44], SCES [90,46], SMES [90,46], SHES [40,44,94], LHES [94,52], CAES

[95,96,90,55], PHS [42,99,90,95,60], FES [59,90,40], GES [97].

A salient finding is that the LCOS curves for all TPV systems are the
steepest among all technologies, visually representing their high sensi-
tivity to input electricity prices. According to the fundamental principle
of LCOS equation, this obvious slope is a direct indication of the system’s
relatively low round-trip efficiency. For TPVES, the reason is its
extremely low conversion efficiency. Consequently, as the input elec-
tricity price rises, the financial cost associated with energy losses during
the charge-discharge cycle is rapidly magnified.

The potential of TPVES becomes particularly evident when analyzing
its ideal LCOS crossover points with other technologies. A critical
intersection with Li-ion systems occurs at an electricity price of
approximately 0.06$/kWh. While Li-ion’s superior round-trip efficiency
confers a cost advantage at higher prices, TPV is the more economical
option below this threshold. This is highly significant in regions with low
off-peak electricity rates, such as in China, where the price is $0.035/
kWh [100]. At this price, an ideal TPVES is not only viable but also
outperforms two-thirds of the battery systems evaluated in terms of
LCOS. This finding indicates that if TPV technology can approach its
theoretical performance limits, it has the potential to become a signifi-
cant energy storage solution.

It is evident that the LCOS of TPVES is higher than that of both LHES
and SHES across all electricity price scenarios. This appears somewhat
contradictory, given that TPVES, as a novel thermal energy storage
technology, is regarded as having significant potential. However, it is
important to consider two key points when comparing systems. (1) LHES
and SHES are typically analyzed under a combined heat and power
model, which significantly enhances their overall energy utilization
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efficiency and thus lowers their levelized cost. In this study, our calcu-
lation of the LCOS for TPVES only accounts for the electricity-thermal-
to-electric conversion, without considering the potential value of uti-
lizing its waste heat. If a future TPVES design incorporate supplying
thermal, its overall energy efficiency and cost competitiveness would be
significantly improved. (2) While traditional thermal EES using tech-
nologies like the Rankine cycle may show a lower LCOS, they often
require a large physical footprint and have longer response times, which
can limit their flexibility in certain applications. TPVES, as a novel en-
ergy storage technology, offers a more compact design and faster
response capabilities that are a significant advantage in real-world
scenarios, and these benefits hold important value.

Furthermore, these crossover points indicates that there is no single
universally optimal energy storage technology. The choice of the best
technology is highly dependent on the specific application scenario and
the local electricity market environment. For instance, in an area with
abundant off-peak electricity resources, a storage technology with
slightly lower round-trip efficiency but lower capital cost can be
selected. In contrast, in a region with generally high electricity prices,
high round-trip efficiency becomes the key factor determining the LCOS.

Therefore, TPV is not a universally applicable energy storage tech-
nology, but it has clear application potential in specific niche markets.
Its economically viable range is strictly limited to scenarios with low or
even zero cost heat or power sources. For example, it can be combined
with industrial waste heat recovery, waste incineration, or the con-
sumption of abandoned electricity from renewable energy sources (such
as solar and wind power). In these scenarios, the extremely low input
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Fig. 28. LCOS of TPV and mainstream energy storage systems under different input electricity prices. Simulations assume the system capacity of 100 MWh, discount
rate of 7 %, system lifetime of 25 years, reflector cost = 1.03$/m? [88], TPV cell cost of 1.1$/cm?, charging time of 5 h and discharging time of 10 h [20,21,89].

density, CPE, CPP, LCOS, we draw the following conclusions:

Table 4
The values of input optimal techno-economic parameters of energy storage (1) This study establishes a robust, experimentally validated physics
systems. model, which subsequently enables a systematic exploration of
Type CPE CPP($/kW) CPOM Efficiency Service the three quality TPV systems theoretical performance limits
of ($/kWh) ($/kW/ (%) life across a range of semiconductor bandgaps. The findings from this
ESDs year) (years) model-based analysis confirm that TPV holds strong potential as a
Ideal- 6.27 410.6-1257.2 16 43.06-50.27 25 high-performance and cost-effective solution for energy storage.
TPV [40,101] (2) Multi-dimensional simulations incorporating bandgap, tempera-
H(?F-PV 6.27 762.9-818.8 50.101] 3.36-2358 25 ture, and electricity input price identify optimal configurations
MO- 6.27 1070.1-1144.7 16 19-19.14 25 that minimize LCOS. Through systematic model-based optimi-
TPV [40,101] zation, a significant reduction in the LCOS is demonstrated,
LA 54 300 7 [102] 90 15 achieving a value as low as 0.036$/kWh. This result is realized
]I:I‘l‘gg zgg zgg 20[][23 Zg Zg using 0.88 eV bandgap TPV materials under the condition of a
VRFB 150 €00 7 1102] o5 20 0.01$/kWh electricity price. These findings provide basis for the
PSB 110 330 7 [102] 83 15 design of economically competitive TPV systems adaptable to
Zn Br 150 175 6 [103] 85 10 diverse market conditions.
SHES 0.04 571 18.5[42] 90 30 (3) This techno-economic analysis, which establishes electricity
IC*I;EZ 11'78 igg ?6[4;2340] 32 ;g input price as a major variable, demonstrates the competitive
PHS 5 500 6.2 [102] 85 60 edge of TPVES against numerous mainstream technologies. While
FES 500 250 5.6 [40] 95 20 its low round-trip efficiency is a limitation, TPVES exceptionally

low energy media cost provides an advantage in low-price elec-
L . . . tricity scenarios. For instance, at a price below 0.035%/kWh—the
energy cost can maximize the advantage of its low capital cost while off-peak tariff in China—ideal TPV achieves LCOS lower than

avoiding the negative impact of its low efficiency at high electricity two-thirds of competing battery systems and remains more cost-

prices. effective than Li-ion batteries with electricity below 0.06$/kWh.
This combination of cost-effectiveness (CPE of 4.95-40$/kWh),
4. Conclusion high energy density, and long service life (20-25 years) positions
TPV as an ideal solution for space-constrained and storing surplus
This study provides a comprehensive techno-economic modeling and renewable energy application.
evaluation of TPVES, exploring its potential as a competitive alternative
to existing large-scale energy storage technologies. By analyzing the Overall, this study demonstrates that TPVES represents a technically

influence of emitter temperature and cell bandgap on efficiency, power
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feasible and economically competitive solution for future grid-scale
applications, particularly for utilizing surplus energy sources. Despite
these promising prospects, several significant challenges must be
addressed to facilitate its widespread industrial adoption. A notable
discrepancy persists between the ideal efficiencies in simulations and
those achievable in practical and large-scale systems. Furthermore,
ensuring long-term operational reliability—specifically maintaining the
high-vacuum integrity between the emitter and the TPV cell to prevent
oxidation of hot-end components over a multi-decade lifespan—remains
a critical engineering hurdle. Effective thermal management strategies
are also imperative to mitigate TPV cell temperature elevation during
sustained operation, which can otherwise lead to performance degra-
dation. Finally, the process of manufacturing presents a formidable
challenge, as achieving high uniformity in material quality and thin-film
thickness across large-area devices is essential to prevent mismatch
losses that degrade overall system efficiency. Collectively, these issues
highlight the key barriers that must be overcome for the future indus-
trialization of TPVES.

A promising direction for future work is the integration of TPVES
into cogeneration architectures, aiming to enhance overall energy uti-
lization and economic feasibility for industrial or district-scale applica-
tions. Additionally, the present study is confined to a steady-state
perspective. For a more realistic and comprehensive assessment, future
investigations should aim to address the transient thermal response of
the system and develop a grid-integration model that accounts for the
fluctuations in electricity markets. Incorporating dynamic electricity
pricing is essential for formulating optimal dispatch strategies and
accurately evaluating the economic performance of such integrated
systems.
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