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A B S T R A C T

This study presents a radioisotope thermophotovoltaic system based on 500 W general purpose heat source 
(GPHS) units, which addresses critical challenges in balancing the high efficiency and longevity of nuclear 
power. The system employs two GPHS units (with eight 238PuO2 fuel pellets) as an energy source, coupled with 
spectral filters and InGaAs photovoltaic arrays for energy conversion. A multi-physics coupled model integrating 
finite element analysis for thermal radiation simulations and computational modeling for photovoltaic algo
rithms demonstrates an initial overall system efficiency of 21.3 %, with component efficiencies of 84.0 % 
(emitter), 70.9 % (spectral filter), and 35.7 % (photovoltaic cells). The results reveal an annual efficiency 
degradation rate of 0.21 %, primarily driven by an emitter temperature decline (− 144.6 ℃ over 50 years) and 
radiative flux reduction (419.7 → 204.3 W). A hybrid degradation model quantifies the synergistic effects of 
radioisotope decay and material aging, predicting a 30-year reliability threshold (reliability = 0). This study 
proposes thermal-optical-electrical coupling optimization methods and a longevity assessment framework for 
100-watt-scale nuclear power systems.

1. Introduction

The demand for highly reliable power supplies for deep-space 
exploration missions and extreme environmental conditions has signif
icantly increased the research and development of radioisotope power 
systems based on radioactive decay energy [1–4]. Radioisotope ther
moelectric generators (RTGs) have been widely recognized as reliable 
power sources for long-duration space missions owing to their capability 
to deliver consistent energy over extended periods [5,6]. RTGs convert 
heat generated by radioactive decay into electricity using thermoelectric 
materials [7–9]. However, their energy conversion efficiencies remain 
relatively low, typically between 6 and 8 % [10,11]. Subsequently, a 
radioisotope thermophotovoltaic (RTPV) system based on a radioiso
tope heat source for energy conversion was proposed [12]. This type of 
power generation device has a theoretical efficiency greater than 40 % 
and has attracted widespread attention in recent years. RTPV systems 
utilize heat from radioactive decay to produce light, which is subse
quently converted into electricity by photovoltaic (PV) cell arrays [12].

Recent research on RTPV system has predominantly focused on 
component-level optimizations and innovations, including radioisotope 
heat source design optimization, material selection and structural 

refinement of emitter or filter components, spectral matching optimi
zations, and investigations of thermal stability and radiation-induced 
damage mechanisms. Cheon et al. [13] demonstrated that an RTPV 
system utilizing cylindrical heterogeneous 238PuO2 sources achieved 
5–11 % lower radiation doses and more uniform thermal distributions 
compared to cubic homogeneous designs, as validated by ORIGEN-S, 
MCNP6/MAVRIC shielding analyses, and COMSOL thermal simula
tions. Cotfas et al. [14] experimentally demonstrated that increasing the 
temperature (25–87 ℃) significantly impacted commercial PV cells, 
with the maximum power (Pmax) decreasing by 0.14–0.47 %/℃ and the 
open-circuit voltage (Voc) exhibiting negative temperature coefficients, 
necessitating irradiation-dependent correction models to optimize per
formance under high-temperature conditions. Sun et al. [15] demon
strated that elevated temperatures significantly degraded PV 
performance, with Voc and maximum power (Pmax) decreasing by 
0.14–0.47 %/℃ due to the bandgap reduction and enhanced carrier 
recombination. Although the short-circuit current (Jsc) exhibited a 
minor increase, it failed to counteract the overall efficiency loss. 
Notably, multijunction cells (InGaP/InGaAs/Ge, temperature coeffi
cient: − 0.14 %/℃) and amorphous silicon (− 0.18 %/℃) exhibit supe
rior thermal stability compared to crystalline silicon (− 0.47 %/℃), 
highlighting the material-dependent sensitivity in high-temperature 
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environments.
Current research on RTPV systems has a limited focus on holistic 

structural configurations, despite the critical influence of system-wide 
heat transfer dynamics, component-level energy conversion effi
ciencies, and temperature distributions across emitters and PV cell ar
rays on the electrical power output. Radioisotope decay-induced 
temperature variations in fuel pellets and emitters directly degrade the 
system efficiency and electrical output. Current research on RTPV sys
tems has failed to systematically correlate the thermal transport pro
cesses with the electrical power generation outputs. This critical 
research gap necessitates the development of a multi-physics computa
tional framework that couples the nuclear heat transfer, spectral radi
ation, and PV conversion mechanisms coherently. Such an integrated 
model enables the concurrent optimization of thermal management and 
energy harvesting pathways, which is particularly crucial for spaceborne 

systems requiring decade-level operational stability under constrained 
mass budgets.

This study presents a 30-year RTPV system with 100-watt-scale 
output built upon a 500 W GPHS, systematically investigating the en
ergy conversion mechanisms and long-term thermal performance evo
lution through multi-physics coupled modeling and the research 
framework is presented in Fig. S1. The system integrates stacked 
238PuO2 GPHS modules with spectral filters and InGaAs PV cell arrays to 
enable three-dimensional energy transfer, achieving an initial efficiency 
of 21.3 %. In the PV degradation model, the system maintains stable 
operation for 20 years with a reliability greater than 0.48, theoretically 
achieving a maximum service life of 30 years.

Nomenclature

QR Thermal power of the radioisotope, W
Qe Radiative heat flux emitted of the emitter, W
Qf Radiative heat flux through the filter, W
Pc Electrical output power generated by the cell arrays, W
ηemitter Emitter efficiency, %
ηfilter Filter efficiency, %
ηcell Cell efficiency, %
ηRTPV System efficiency, %
Q0 Initial power of the heat source
T1/2 Half-life of Pu-238
ρ Density, kg/m3

Cp Specific heat capacity, J/(kg⋅K)
q Heat flux by conduction, W/m2

Q Heat sources, W/m3

Te Temperature of the emitter, ℃
Tc Temperature of the cell arrays, ℃
h Planck’s constant, J⋅s
k Boltzmann’s constant, J/K
Ae Surface area of the emitter, m2

Ac Surface area of the cell, m2

εe(λ) Emissivity of the emitter, −
Rf(λ) Reflectance of the filter, −
ϕp(λ) Photon flux of the cell, W
ϕe(λ) Electron flux of the cell, W
Q(λ) Quantum efficiency of the cell, −
Jsc Short-circuit current of the cell, A
Voc Open-circuit voltage of the cell, V
J0 Saturation current density of the cell, A
FF Fill factor of the photovoltaic cell, −
Eg Bandgap of the photovoltaic cell, eV
Pmax Maximum output electric power of the cell, W
Plimit Minimum operating power of the system, W
RTG Radioisotope thermoelectric generator
RTPV Radioisotope thermophotovoltaic
GPHS General purpose heat source
GIS Graphite impact shell
FWPF Fine-weaved pierced fabric
CBCF Carbon-bonded carbon fiber
PV Photovoltaic

Fig. 1. (a) Schematic of the working principle of the RTPV system; (b) heat source structure diagram of the GPHS.
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2. Principles and geometric configuration of the RTPV system

2.1. Energy conversion process and GPHS configuration

Fig. 1a shows the main components and operational mechanism of 
the RTPV system. The 238PuO2 radioisotope heat source primarily un
dergoes alpha decay, releasing α-particles with an energy of 5 MeV [16]. 
The deposited energy from α-particle deceleration through inelastic 
collisions with fuel matrices generates thermal energy via ionization 
losses. This thermal energy elevates the emitter temperature, which then 
radiates infrared energy.

A spectrally selective filter is strategically positioned between the 
emitter and PV cell arrays to optimize the radiation spectrum [17]. This 
spectral management device selectively absorbs photons in wavelength 
regimes that are non-convertible by the PV semiconductor material 
while redirecting the corresponding energy flux back to the emitter 
through photon recycling [18,19]. Subsequently, spectrally optimized 
photons within the operational bandwidth of the PV cell are effectively 
harvested for carrier generation, thereby enabling enhanced thermo
photovoltaic conversion through spectral reshaping and waste energy 
recuperation [20]. This energy conversion approach theoretically ach
ieves a high efficiency and demonstrates robustness against external 
environmental factors, making it a promising solution for deep-space 
exploration applications [12].

The GPHS is the most successful and widely utilized radioisotope 
heat source and has been deployed in a diverse array of space explora
tion missions [21]. The concept of the GPHS dates back to 1976, when it 
was designed by the Los Alamos National Laboratory (LANL) [22]. To 
enhance the safety of radioisotope heat sources, studies have improved 
the overall performance of the fuel material 238PuO2 and developed a 
robust and reliable fuel cladding. Furthermore, the thermal performance 
of the heat source was optimized by comprehensively considering the 
materials, dimensions, structures, and masses of its components. 
Extensive analyses and experimental validations were performed 
throughout the development of the GPHS, ultimately leading to the 
design shown in Fig. 1b.

Each GPHS module contains four 238PuO2 fuel pellets capable of 
generating 250 W of thermal power during their initial operational life 
[12]. These fuel pellets are encapsulated within a high-strength, highly 
ductile DOP-26 iridium alloy cladding [23] to form a fuel cladding. The 
graphite impact shell (GIS) [24], fabricated from fine-weaved pierced 
fabric (FWPF) graphite, contains two fuel claddings separated by 
floating membranes and secured with a GIS cap, demonstrating excep
tional energy absorption capabilities under accidental impact 
conditions.

The third layer, composed of carbon-bonded carbon fiber (CBCF) 
graphite, functions as a thermal insulation material, mitigating the ef
fects of high external temperatures during re-entry. The CBCF sleeve is 
positioned coaxially outside the GIS with two CBCF graphite disks 
affixed to each end of the GIS using a graphite adhesive. The outermost 
layer, known as the aeroshell, is also made of high-strength and high- 
thermal-conductivity FWPF graphite, which ensures structural integ
rity while serving as an ablative layer. All the components are enclosed 
within the aeroshell and sealed with an aeroshell cap. Locking screws 
prevent loosening of the aeroshell cap during launch vibrations, and 
locking elements are employed to restrict the lateral relative motion 
during stacking. Except for the CBCF disks attached to the ends of the 
GIS, small gaps exist around the components [24,25]. In a vacuum 
environment, these gaps significantly reduce thermal conduction be
tween the components, making surface-to-surface radiation the domi
nant mode of heat transfer [24].

The GPHS contains internal clearance gaps, with the geometric pa
rameters of these gaps derived from previous studies. The surface-to- 
surface radiation heat transfer was identified as the primary heat 
transfer mechanism within these gaps. The computational framework 
employed COMSOL Multi-physics software to solve the solid heat 

transfer and surface-to-surface radiation equations simultaneously.

2.2. Geometry and materials of the RTPV system

The RTPV system configuration is illustrated in Fig. 2. Fig. 2a illus
trates the primary assembly, including the main system components and 
cooling module, and Fig. 2b shows the structural layout of the core 
section. Two GPHS units with an initial thermal power of 500 W are 
positioned at the center. High-temperature-resistant, low-thermal-con
ductivity interfaces [26] are installed at both ends of the heat sources to 
minimize thermal losses, complemented by robust ceramic [27,28] 
support plates that provide structural integrity.

The emitter [29] is integrated around the GPHS perimeter with a 
two-dimensional periodic spectral filter positioned between the emitter 
and PV cell arrays. PV cells employ InGaAs semiconductor materials 
[30], which are selected for their superior infrared photon absorption 
and conversion efficiency.

Fig. 3 shows the quantitative evaluations, including the PV cell 
quantum efficiency, emitter emissivity, spectral reflectivity/trans
missivity characteristics of the filter and alumina emissivity. More 
detailed datasets are provided in Supporting Information Figs. S1, S2, 
S3, and S4. The emitter exhibits high emissivity (peak ~ 0.95) in the 
0.5–2.2 μm wavelength range, which represents its primary energy 
output spectrum. The InGaAs photovoltaic cell can absorb photons in the 
0.4–2.2 μm range, demonstrating significant spectral overlap with the 
emitter’s high-emissivity band. The filter further enhances system effi
ciency by maintaining high transmittance in this critical range (0.4–2.2 
μm), allowing photons to pass through to the photovoltaic component. 
In other wavelength bands, the filter shows high reflectivity and low 
transmittance, which prevents low-energy photons from entering the 
cell and reflects them back to the emitter. This mechanism helps 
maintain the emitter’s temperature while minimizing energy loss, 
thereby improving overall system efficiency.

3. Modules

3.1. Analysis of the RTPV system energy transport

The overall conversion efficiency of the RTPV system is governed by 
the interplay of the conversion efficiencies across various energy 
transformation stages. 

ηRTPV =
Qe

QR
×

Qf

Qe
×

Pc

Qf
= ηemitter × ηfilter × ηcell (1) 

where QR denotes the thermal power produced by the radioactive decay 
of the radioisotope, and Qe represents the net radiative heat flux emitted 
by the emitter. Furthermore, Qf signifies the radiative heat flux through 
a filter incident on the InGaAs PV cell arrays and Pc corresponds to the 
electrical output power generated by the InGaAs cell. QR is given as 
follows: 

QR = Q0⋅exp
(
− ln2/T1/2

)
(2) 

where Q0 is the initial power of the heat source and T1/2 is the half-life of 
Pu- 238 [5].

The emitter efficiency ηemitter is defined as the ratio of the radiant heat 
flux emitted from the surface of the emitter to the total energy generated 
by the radioactive decay of the isotope. This parameter quantifies the 
energy conversion efficiency between the radioisotope heat source and 
heat emitter and serves as a critical factor in enhancing the energy 
transfer efficiency of the entire system. The filter efficiency ηfilter repre
sents the respective energy conversion efficiency, accounting for energy 
losses during the heat transfer process. Similarly, the PV efficiency of the 
cell ηcell is defined as the ratio of the electrical energy output of the cell to 
the radiant heat flux incident on its surface. The overall efficiency of the 
RTPV system is the product of the individual efficiencies of these energy 
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conversion processes, emphasizing the interdependence of the perfor
mance of each component on the overall energy conversion effectiveness 
of the system.

3.2. Equations and parametric configuration

The RTPV system integrates two key heat transfer mechanisms: 

solids and surface-to-surface radiation. This dual-physics coupling en
ables a more accurate simulation of the energy transfer pathways within 
the system under real-world operating conditions. Surface-to-surface 
radiation heat transfer is specifically considered owing to the presence 
of gaps between the components in the GPHS module. These gaps 
significantly reduce the effectiveness of solid conduction, making radi
ative heat transfer the dominant mode of energy exchange between 

Fig. 2. Geometric configuration schematic of the RTPV system: (a) main system components; (b) structural layout of the core section.

Fig. 3. Material parameters of the main components of the RTPV system.
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adjacent components. The distinction between these heat transfer 
mechanisms critically influences the overall energy transfer efficiency of 
the RTPV system, underscoring the importance of accurately modeling 
the radiative heat transfer to optimize system performance. The multi- 
physics governing equations are detailed in the Supporting Information.

In the calculation of GPHS, the external boundary condition was set 
to the module surface radiating to the environment with an ambient 
temperature of 1060.4 ℃. At the time of the RTPV system, the radiator 
was replaced with an external surface temperature of 10℃. These 
equations were solved on a finite element mesh in COMSOL Multi- 
physics software and then used to obtain the temperature, heat radia
tion flux, and other numerical solutions. Mesh independence tests were 
performed for all the cases considered and showed that the mesh inde
pendence of the results of the mesh calculations used in the modeling 
was within 0.1 %.

3.3. Spectral energy propagation and battery power calculation

When the temperature of the heat emitter is Te, the equation for the 
radiative spectral flux Qe of the PV radiation radiated outward by the 
emitter [31] is as follows: 

Qe =

∫∫ λ+Δλ

λ
εe(λ)

2πhc2λ− 5

exp(hc/λkTe) − 1
dλdAe (3) 

where εe(λ) is the emissivity of the emitter, h is Planck’s constant, k is 
Boltzmann’s constant, and c is the speed of light. Ae denotes the emitter 
area. Qf is the radiation flux through the optical filter, which is assumed 
to be the radiated spectral flux Qc reaching the surface of the PV cell 
arrays, as follows: 

Qc =

∫∫ λ+Δλ

λ

2πhc2λ− 5[exp(hc/λkTe) − 1 ]
− 1

[εe(λ) ]− 1
+
{[

Rf (λ)
]− 1

− 1
}− 1 dλdAc (4) 

The energy flux absorbed by the PV cell arrays is in the form of photons. 
As each photon has an energy hv=hc/λ, the absorbed photon flux ϕp(λ) is 
given as follows: 

ϕp(λ) =
∫∫ λ+Δλ

λ

2πcλ− 4[exp(hc/λkTe) − 1 ]
− 1

[εe(λ) ]− 1
+
{[

Rf (λ)
]− 1

− 1
}− 1 dλdAc (5) 

where Ac denotes the area of the PV cell arrays. The PV cell arrays 
convert the absorbed photons into an electron flux ϕe with a wavelength- 
dependent quantum efficiency Q(λ), as follows: 

ϕe =

∫∫ λ+Δλ

λ
ϕp(λ)Q(λ)dλdAC (6) 

Therefore, short-circuit current Jsc of the cell is as follows: 

Jsc = e
∫ ∞

0
ϕe(λ)dλ (7) 

The open-circuit voltage Voc of the PV cell is as follows: 

Voc = (kTc/e)ln[(Jsc/J0) − 1 ] (8) 

The fill factor FF of the cell is as follows: 

FF =
{

1 − [ln(Jsc/J0) ]
− 1
}{

1 − ln[Jsc/J0][ln(Jsc/J0) ]
− 1
}

(9) 

J0 =
[
2.555 × 10− 4T3

c exp
(
− Eg/kTc

) ]
(10) 

where J0 is the saturation current density, Eg is the bandgap width of the 
InGaAs, Tc is the cell temperature, and e denotes the electronic charge. 
The bandgap Eg and maximum output power Pmax for the InGaAs cell 
arrays are as follows: 

Eg = 0.564 − 3.7− 4 × (Tc − 300) (11) 

Pmax = JscVocFF (12) 

By applying these equations, a sophisticated electrical power output 
model for PV modules can be established within the MATLAB environ
ment, enabling a comprehensive simulation and analysis of their per
formance across diverse operational scenarios.

3.4. PV cell attenuation model

Photovoltaic components in the RTPV system primarily undergo 
three core degradation mechanisms: radiation-induced damage, where 
long-term exposure to α-particles from 238Pu decay and secondary ra
diation creates lattice defects in the semiconductor, reducing carrier 
mobility and quantum efficiency, thereby lowering short-circuit current 
and open-circuit voltage; encapsulant aging, as materials like EVA un
dergo browning and adhesion loss under prolonged UV radiation and 
humidity, decreasing light transmittance to the active layer and 
reducing absorbed photon flux; and inhomogeneous degradation, where 
manufacturing quality variations lead to uneven aging across the array, 
broadening the power distribution and increasing standard deviation 
[32].

In this study, a hybrid degradation model was used to characterize 
the power decay of PV arrays, incorporating both radioactive effects and 
long-term material aging mechanisms. The mathematical framework 
comprises three core components, as follows: 

m(t) = Pc − A⋅t (13) 

where A denotes the degradation rate. The exponential term captures 
the intrinsic decay of the radionuclide-induced thermal contributions, 
whereas the linear term accounts for the cumulative environmental and 
operational stressors.

The decay of Pc over time adheres to an exponential decay pattern, 
with the analysis yielding a fitted curve expressed as follows: 

Pc(t) = 107.36⋅exp( − 0.029⋅t) (14) 

To address the stochastic performance dispersion, the standard de
viation σ(t) of the power distribution increases linearly over time, as 
follows: 

σ(t) = σ0 +B⋅t (15) 

where σ0 is the initial standard deviation, and B quantifies the annual 
growth rate of variability, reflecting inhomogeneous aging across PV 
cells. σ0 is calculated as follows: 

σ0 = Pc(t)⋅B (16) 

At any time t, the instantaneous power P(t) is assumed to follow a 
Gaussian distribution, as follows: 

p(P, t) =
1

̅̅̅̅̅̅
2π

√
⋅σ(t)

exp

(

−
(P − m(t) )2

2σ(t)2

)

(17) 

The reliability R(t), which is defined as the probability that the power 
exceeds a critical threshold Plimit, is derived from the cumulative dis
tribution function of p(P, t), as follows: 

R(t) = 1 − Φ
(

Plimit − m(t)
σ(t)

)

(18) 

This formulation enables probabilistic predictions of power thresh
olds and reliability metrics to be calculated.

A comprehensive model incorporating both radioisotope heat source 
decay and PV module degradation can be established using Equations 
(13)-(18). In this model, parameters A, B [32], and Plimit were referenced 
from the literature as 0.005, 0.0167, and 53.15 W, respectively. The 

H. Jia et al.                                                                                                                                                                                                                                      Applied Thermal Engineering 280 (2025) 128087 

5 



selection of parameters A, B, and Plimit in the photovoltaic module 
degradation model is rooted in data-driven principles and scenario- 
specific adaptability. Parameter A characterizes the annual linear 
degradation rate of PV modules, derived from a comprehensive review 
of global field studies indicating a typical range of 0.3 % to 3 % per year, 
with 0.5 % emerging as the most representative value for contemporary 
technologies. Parameter B quantifies the annual growth rate of the 
standard deviation in power distribution, based on empirical observa
tions such as the doubling of standard deviation over an 11-year period, 
which is consistent with manufacturing tolerances and physical con
straints. Plimit, referencing industry practices, is tailored to specific sys
tem requirements to ensure accurate failure prediction. Collectively, 
these parameters encapsulate intrinsic degradation patterns and fulfill 
the demands of practical reliability assessment.

These mechanisms are systematically addressed by the hybrid 
degradation model: the exponential term accounts for radiation effects 
indirectly through radioisotope decay-induced thermal changes, the 
linear term incorporates encapsulant aging-driven linear power loss, and 
parameter B quantifies inhomogeneous degradation, ensuring the model 
robustly captures real-world degradation behaviors.

4. Results and discussion

4.1. Thermal analysis of the GPHS

Fig. 4 illustrates the temperature distribution results of the GPHS 
components and Table 1 lists the comparative data with prior compu
tational studies. The maximum temperature discrepancy between the 
simulation results and reference values was within 14℃, corresponding 
to a relative variance of less than 1 %, demonstrating excellent consis
tency. The mesh configuration of the GPHS is presented in Fig. 5, where 
the geometric structure is discretized based on the refinement re
quirements of different regions.

As shown in Table 2, the computational results exhibited minimal 
sensitivity to mesh density variations. Specifically, the numerical solu
tions showed consistent agreement (within 0.1 % relative deviation) 
across multiple computational iterations with varying mesh resolutions 
(ranging from 3.9 × 105 to 1.0 × 106 elements). This mesh- 

independence validation confirmed the mathematical robustness of 
the proposed thermal source modeling methodology and the geometric 
rationality of the meshing strategy adopted for the GPHS simulation. 
The grid independence verification of the RTPV system is presented in 
Table S1 of the supplementary materials.

The RTPV system was simulated using COMSOL Multi-physics soft
ware with coupled solid heat transfer and surface-to-surface radiation 
modules, and the hemicube method was implemented for radiative ex
change calculations. The key structural parameters listed in Table 3
were extracted from published literature [33]. The thermal analysis 
results from COMSOL Multi-physics software were subsequently inter
faced with MATLAB software for PV output power calculations using 
custom-developed algorithms.

Fig. 4. Temperature distributions of GPHS module components: (a) fuel pellet, (b) fuel cladding, (c) floating membranes, (d) GIS, (e) CBCF, (f) aeroshell.

Table 1 
Comparison of calculated and reported temperature values for the GPHS 
module.

Parameters Temperature 
Presented (℃)

Temperature 
Reported (℃)

Difference Relative 
Deviation 
(%)

Fuel Pellet 
Max

1442.8 1456.0 − 13.2 − 0.91

Fuel Pellet 
Average

1346.0 1347.0 − 1.0 − 0.07

Fuel Cladding 1258.6 1271.0 − 12.4 − 1.00
GIS Inner 

Surface
1173.2 1183 0.0 − 9.8 − 0.84

GIS Outer 
Surface

1170.0 1180.0 − 10.0 − 0.85

CBCF Sleeve 
Inner 
Surface

1151.5 1161.0 − 9.5 − 0.83

CBCF Sleeve 
Outer 
Surface

1095.8 1096.0 − 0.2 − 0.02

Aeroshell 
Inner 
Surface

1075.8 1076.0 − 0.2 − 0.02

Aeroshell 
Outer 
Surface

1076.0 1074.0 2.0 0.19
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The initial operational characteristics of the RTPV system are 

presented in Table 4. The key energy fluxes include an emitter radiative 
flux (Qe) of 419.7 W and a radiative heat flux through a filter (Qf) of 
297.7 W, yielding a 106.3 W electrical output (Pc) from the InGaAs 
photovoltaic array. The fuel pellets with a total power output of 500 W 
experience an energy loss of approximately 80.3 W during thermal 
transfer to the emitter. The model inspection revealed that this energy 
loss primarily occurred through thermal dissipation in the upper and 
lower thermal insulation ceramics of the GPHS.

The emitter maintained an average surface temperature of 904.3℃, 
with a spatial temperature distribution depicted in Fig. 6. Fig. 6c 
quantifies the thermal gradient profile, revealing a maximum localized 
gradient of 0.45 ℃⋅mm− 1. The temperature distributions of the PV array 
under these emitter temperature conditions are shown in Fig. 7.

The PV cell arrays exhibited a temperature range of 19.0 to 26.8℃, 
with a maximum temperature differential of 7.8℃. The spatial thermal 
analysis revealed a peak temperature gradient of 5.16℃⋅mm− 1, while 
99.9 % of the surface area of the arrays-maintained gradients less than 
5℃⋅mm− 1. These results demonstrate a highly uniform temperature 
distribution across the PV modules in the proposed computational 
model, with no detectable hotspot phenomena.

As is evident from Equations (7)-(12), temperature variations or in
consistencies in PV cell arrays altered their bandgap characteristics, 
inducing corresponding variations in key parameters such as the satu
ration current, (Voc), and (Jsc), thereby affecting cell performance. Under 
idealized operating conditions with a uniform temperature distribution 
at an ambient level (10 ◦C), the PV cell arrays achieved a theoretical 
output power of 112.7 W (red curve in Fig. 8). However, under actual 
operating conditions with non-uniform temperature profiles (Fig. 7b), 
the total output power reduced to 106.3 W, incurring a 6.4 W loss (5.7 % 
reduction).

This degradation arose due to two key factors: (1) elevated surface 
temperatures of the module area, and (2) localized thermal gradients 
(max ΔT = 7.8 ◦C) inducing a current–voltage mismatch. As illustrated 
in Fig. 8, temperature increases predominantly affected the Voc, which 
declined linearly at a rate of − 1.4 mV/℃, while Jsc remained stable 
(±0.3 %). The resultant power loss followed a temperature coefficient of 
− 0.34 %/◦C, quantitatively linking thermal heterogeneity to system 
efficiency limitations.

4.2. Long-term performance evolution of the RTPV system

Fig. 9 shows the changes in the RTPV system and its components 
induced by the thermal power decay due to radioisotope source decay 
over a 50-year period. During the 50-year operational period, the RTPV 
system exhibited progressive thermal degradation. The emitter surface 
temperature decreased from 904.3 to 850.3 ℃, while the fuel pellet and 
cladding temperatures declined by 149.2 ◦C (from 1345.9 to 1196.7 ℃) 
and 181.2 ℃ (from 1258.6 to 1077.4 ℃), respectively.

Fig. 10 shows the efficiency changes, and the efficiency degradation 
included reductions of 15.2 % in emitter efficiency (from 83.97 to 68.73 
%), 1.2 % in filter efficiency ηfilter (from 70.91 to 69.68 %), and 4.4 % in 
system-level efficiency (from 21.27 to 16.89 %), with an average annual 
degradation rate of 0.22 %. With the attenuation of the radioisotope 
heat source, the temperature of the fuel pellet decreased annually, 
resulting in a decrease in the temperature of the emitter, and the radiant 
heat flux radiating outward at the emitter is reduced. Therefore, the 
emitter efficiency decreased significantly over time, while the temper
ature change of the emitter did not obviously change its spectral pattern, 
and the filter efficiency (ηfilter) did not change significantly owing to the 
temperature of the emitter.

The electrical output power degradation profile and reliability 
assessment of the system are illustrated in Fig. 11. Accounting for the 
degradation of both the PV module and heat source, the power output 
decreased to 50 % of the initial value after 20 years, with PV reliability 
concurrently declining to 0.48. No significant reliability degradation 
was observed during the first 15 years; however, an abrupt decline 

Fig. 5. Numerical mesh grid implemented in the thermal analyses of the 
GPHS modules.

Table 2 
Computational results under different mesh densities.

Set 1 2 3 4 5

Mesh Number 3.9 ×
105

4.4 ×
105

5.2 ×
105

8.3 ×
105

1.0 ×
106

Fuel Pellet Max, ℃ 1440.5 1440.8 1440.6 1440.6 1440.8
Fuel Pellet Average, 

℃
1345.9 1346.0 1346.0 1346.0 1346.1

Fuel Cladding, ℃ 1258.6 1258.6 1258.6 1258.7 1258.6
GIS Inner Surface, ℃ 1173.2 1173.2 1173.0 1173.1 1173.1
GIS Outer Surface, ℃ 1170.1 1170.0 1170.0 1170.0 1170.1
CBCF Sleeve Inner ​ ​ ​ ​ ​
Surface, ℃ 1151.3 1151.5 1151.3 1151.3 1151.4
CBCF Sleeve Outer 

Surface, ℃
1095.6 1095.5 1095.6 1095.6 1095.5

Aeroshell Inner 
Surface, ℃

1075.7 1075.8 1075.8 1075.8 1075.8

Aeroshell Outer 
Surface, ℃

1076.2 1076.0 1076.2 1076.2 1076.2

Table 3 
Structural parameters of RTPV system components.

Component Geometric Parameters (mm)

GPHS 99.57 × 93.17 × 58.17
Emitter 116.34 × 94.17 

116.34 × 99.57
Filter 136.34 × 108.57 

136.34 × 102.17
PV cell array 136.34 × 108.57 

136.34 × 102.17
Support Pillars Φ4 × 9
Thermally Insulative Ceramic 109.57 × 103.17 × 20

Table 4 
RTPV system thermal analysis results.

Parameters Results

Te, ℃ 904.3
QR, W 500.0
Qe, W 419.7
Qf, W 297.7
Pc, W 106.3
ηemitter, % 84.0
ηfilter, % 70.9
ηcell, % 35.7
ηRTPV, % 21.3
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commenced at year 16, culminating in complete failure (reliability = 0) 
by year 30. Despite a residual power output of ~ 37 W, the system was 
irreversibly compromised and unable to sustain power delivery to 

Fig. 6. (a) Temperature distribution of emitters, (b) temperature distribution of a single emitter, (c) thermal gradient corresponding to the configuration in (b).

Fig. 7. (a) Temperature distribution of PV cell arrays, (b) temperature distribution of a single PV cell array, (c) thermal gradient corresponding to the configuration 
in (b).

Fig. 8. Performance of the RTPV system.

Fig. 9. Changes in system parameters over a 50-year period: average temper
ature of the fuel pellet, fuel cladding, and emitter.
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external devices. When explicitly incorporating PV aging effects, the 
theoretical power degradation accelerated: a 50 % reduction occurred 
within 20 years, culminating in complete system failure by year 30.

4.3. RTPV vs other RTG

Table 5 compares the performance metrics of different radioisotope 
power systems, including traditional RTGs (SNAP RTG, MHW RTG, 
GPHS RTG, MMRTG) and the RTPV system developed in this study. In 
terms of energy conversion efficiency, conventional RTGs show a rela
tively narrow range of 6.2–6.8 %, while the RTPV system achieves a 
remarkable 21.3 %, indicating much more efficient energy utilization. 
For initial output power, traditional RTGs have varied outputs (SNAP 
RTG: 2.7–63.5 W; MHW RTG: 158 W; GPHS RTG: 292 W; MMRTG: 123 
W), and the RTPV system delivers 106.4 W. Regarding specific power, a 
key factor for space applications due to mass constraints, traditional 
RTGs range from 1.3-5.2 W/kg, whereas the RTPV system reaches 12.3 
W/kg, showcasing significant mass − efficiency advantages. Overall, the 
RTPV system outperforms traditional RTGs in efficiency and specific 
power, presenting a promising option for space power supply despite its 

moderate initial output.

5. Conclusion

This study has presented a comprehensive design and analysis of a 
500 W RTPV system based on dual GPHS modules, achieving break
through efficiency and longevity for deep-space power applications. The 
integrated COMSOL-MATLAB multi-physics model demonstrated 
exceptional predictive accuracy, with less than 1 % deviation in GPHS 
thermal simulations and a 0.1 % error in PV power calculations 
compared to experimental benchmarks. The system delivered an initial 
conversion efficiency of 21.3 %, driven by the optimized component 
efficiencies of 84.0 % for the emitter, 70.9 % for the spectral filter, and 
35.7 % for the InGaAs PV arrays. Critical thermal management was 
achieved through controlled temperature gradients of 0.45 ◦C⋅mm− 1 at 
the emitter surface (904.3 ◦C operational temperature) and less than 
5 ◦C⋅mm− 1 across 99.9 % of the PV array area (19.0–26.8 ◦C range), 
effectively eliminating hotspot risks while maintaining spectral match
ing stability. This thermal decline reduced the radiative flux (Qe) by 
51.3 % (419.7 → 204.3 W), accounting for 85.3 % of the total efficiency 
loss, while PV cell degradation contributed only 4.2 % due to the 
radiation-hardened InGaAs architecture. A novel hybrid degradation 
model, incorporating radioisotope decay kinetics and material aging 
mechanisms, predicted critical reliability thresholds of a 20-year power 
half-life (106.3 → 53.15 W) and complete functional failure at 30 years 
(R(t) = 0).

This work advances RTPV technology by demonstrating a 500 W 
system with 21.3 % initial efficiency and a multi-physics coupling 
framework for longevity assessment, critical for deep-space missions 
requiring decade-scale reliability. The hybrid degradation model, inte
grating radioisotope decay and material aging, provides a predictive tool 
for power decay (0.21 %/year) and operational thresholds (30-year 
failure). However, experimental validation under extreme thermal 
cycling and radiation environments remains outstanding. Additionally, 
the model assumes uniform material aging rates, potentially under
estimating localized degradation in non-idealized space conditions. 
Future work should address scalability beyond 100-watt systems and 
incorporate irradiation-induced lattice defects to refine lifetime pre
dictions for mission-critical deployments.
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Fig. 10. Changes in system parameters over a 50-year period: thermal power of 
the radioisotope (QR), radiative heat flux emitted by the emitter (Qe), radiative 
heat flux through the filter (Qf), electrical output power generated by the 
InGaAs cells (Pc), emitter efficiency (ηemitter), filter efficiency (ηfilter), cell effi
ciency (ηcell), and system efficiency (ηRTPV).

Fig. 11. Power degradation and reliability assessment of the model.

Table 5 
Comparison of efficiency, power and specific power of different RTG, with RTPV 
[34].

Type energy conversion 
efficiency (%)

Initial output 
power (W)

Specific Power 
(W/kg)

SNAP 
RTG

6.2 %-6.6 % 2.7–63.5 1.3–3.2

MHW 
RTG

6.6 % 158 4.2

GPHS 
RTG

6.8 % 292 5.2

MMRTG 6.3 % 123 2.8
This 

study
21.3 % 106.4 12.3
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ILB240161A24).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.applthermaleng.2025.128087.
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