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Abstract
Previous solar probes have relied on solar energy for power, but in the near-solar
environment, traditional solar panels are prone to overheating and radiation
damage, increasing system complexity and reducing power reliability. This
study introduces a dual-power system integrating solar-thermal thermoelectric
generation with photovoltaic technology. First, suitable thermoelectric ma-
terials are screened, the geometric structure of the thermoelectric devices is
simulated, and then the fabricated thermoelectric devices are subjected to cyclic
heating-cooling power generation tests and long-duration high-temperature
power generation tests. The results demonstrate that a single thermoelectric
device can stably provide 3.5 W of power with excellent cycling stability. Addi-
tionally, this study discusses design concepts for energy storage and intelligent
energy management systems required by the dual-power system. Designed for
the Solar Close Observations and Proximity Experiments (SCOPE) mission,
this dual-power supply system integrates the benefits of both to address
demands under varying environmental conditions.
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Abstract: Previous solar probes have relied on solar energy for power, but in
the near-solar environment, traditional solar panels are prone to overheating
and radiation damage, increasing system complexity and reducing power reli-
ability. This study introduces a dual-power system integrating solar-thermal
thermoelectric generation with photovoltaic technology. First, suitable ther-
moelectric materials are screened, the geometric structure of the thermoelec-
tric devices is simulated, and then the fabricated thermoelectric devices are
subjected to cyclic heating-cooling power generation tests and long-duration
high-temperature power generation tests. The results demonstrate that a single
thermoelectric device can stably provide 3.5 W of power with excellent cycling
stability. Additionally, this study discusses design concepts for energy storage
and intelligent energy management systems required by the dual-power system.
Designed for the Solar Close Observations and Proximity Experiments (SCOPE)
mission, this dual-power supply system integrates the benefits of both to address
demands under varying environmental conditions.

Keywords: SCOPE; Thermoelectric generation; Dual-power design

1. INTRODUCTION
The Sun is the primary source of energy for Earth and the entire solar system.
Studying the composition of the Sun, and its behavior and changes, is crucial
for understanding its evolutionary history, periodic activities (such as sunspots
and solar wind), and future variability. Solar activity, such as solar wind, solar
flares, and coronal mass ejections, can have significant impacts on space weather,
communication, navigation, and satellite systems[1]. Ultra-close proximity ob-
servations of the Sun can provide high-resolution data for studying the Sun and
tracking the origins of hazardous space weather, offering a reliable foundation
for theoretical studies on accurate space weather predictions. Furthermore, so-
lar exploration missions not only drive advancements in space technology but
also foster the development of ground-based technologies and material sciences,
with potentially wide-reaching future applications.

In solar exploration missions, the power system of a spacecraft must overcome
numerous significant challenges during its operation. First, after reaching the
target orbit, the probe will encounter extremely high-temperature conditions.
When approaching the Sun, the surface temperature of the probe may exceed
1,000°C, imposing rigorous requirements on the performance and durability of
power system materials. Traditional solar panels and electronic components
are prone to failure in such high-temperature environments, leading to a sig-
nificant decrease in power generation efficiency. Additionally, maintaining the
power system within an optimal temperature range requires complex active
cooling mechanisms, increasing the design complexity and the overall weight of
the spacecraft. When nearing the Sun, the probe will be exposed to increas-
ing amounts of harsh ultraviolet light and charged particles, causing crystal
structure defects in solar panel materials and degrading their power generation
performance. Continuous exposure to solar energetic particles significantly in-
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creases the risk of current leakage or breakdown in the electronic circuits of a
power system. The solar probe must also frequently adjust its orientation to
meet scientific observation requirements, while the power system must ensure
stable operation across multiple orientations. When the probe adjusts its ori-
entation, solar panels may be obstructed, disrupting power generation, which
consequently affects power continuity and causes fluctuations, which can inter-
fere with critical instruments. The currently active Parker Solar Probe (PSP)
uses solar panels to provide power, employing an efficient cooling system to
ensure normal operation; generating 1 W of electricity.

requires the dissipation of 13 W of heat. However, for the SCOPE mission, the
perihelion of the predicted orbit is closer than that of the PSP. If only solar
panels are used as the power supply system for SCOPE, approximately 50 W
of heat will need to be dissipated for every 1 W of electricity generated, posing
a significant challenge to currently available cooling systems.

To overcome the challenges SCOPE will face, this paper proposes a hybrid
power supply scheme that combines thermoelectric and solar power generation
to maximize the utilization of the solar probe’s operating environment for a
stable and efficient power supply. In the power supply for the SCOPE mission[2–
6], the spacecraft is protected by a core component, the heat shield, which
directly faces the Sun to protect the spacecraft from damage caused by the
high-energy radiation and high-temperature in the near-solar environment. In
the shadowed area behind the heat shield, the shield itself can be used as a heat
source for thermoelectric generation; using heat dissipation by radiation into
space results in the required temperature gradient. This way, a temperature
gradient of 400–500°C can be formed across both ends of the thermoelectric
generation module, which drives the conversion of heat into electrical energy.
The schematic diagram of the solar thermal thermoelectric power generation
module is shown in Fig. 1.

Fig. 1. Schematic diagram of the solar thermal thermoelectric gen-
erator used in the SCOPE mission.

2. THERMOELECTRIC GENERATION
Thermoelectric materials are functional materials characterized primarily by the
Seebeck effect and the Peltier effect[7], using these two thermoelectric effects
to efficiently convert heat energy into electrical energy and vice versa. De-
pending on the principle, thermoelectric materials are mainly applied in two
broad categories[8]. Based on the Peltier effect, precise temperature control
can be achieved by regulating input current, and is commonly applied to chip
processors, biological temperature stabilization, and other areas requiring con-
sistent cooling[9,10]. Based on the Seebeck effect, heat can be converted into
electrical energy in devices commonly referred to as thermoelectric generators
(TEGs); this is an alternative energy generation technology with multiple ap-
plication scenarios[11,12]. Additionally, new flexible thermoelectric technology
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has outstanding potential for human-wearable devices[13,14], human-computer
interaction[15], and intelligent communication[16] thanks to its miniaturization,
variability, and diversified design features.

A major application of TEGs is as a primary power source in extreme environ-
ments such as deep-space exploration, planetary surface missions, and deep-sea
explorations. In 1954, the first thermoelectric generator (TEG), constructed
using a Chromel-Constantan thermocouple, was employed to convert the heat
from polonium-210 into electrical energy, marking the advent of the radioiso-
tope thermoelectric generator (RTG)[17,18]. By 1960, the National Aeronautics
and Space Administration (NASA) began incorporating RTGs as energy sources
for space exploration missions. Over the following decades, RTGs were used in
numerous NASA missions, such as Galileo (1989, Jupiter), Ulysses (1990, solar
mission), Cassini (1997, Saturn), New Horizons (2006, deep space), and Cu-
riosity (2012, Mars)[19]. Each of these missions were powered by RTGs using
Plutonium-238 as their heat source.

Since TEGs generate power without any moving parts, they provide vibration-
free operation while avoiding damage to nearby systems over an extended op-
erational lifespan. These unique advantages have fueled increasing interest in
TEGs, particularly in the field of specialized environmental exploration engi-
neering. The thermoelectric conversion efficiency (𝜂) of TEGs is typically in the
range of 10%, determined as

𝜂 = 𝑃c
𝑄h

= 𝑇h − 𝑇c
𝑇h

√1 + 𝑍𝑇 − 1
√1 + 𝑍𝑇 + 𝑇c

𝑇h

, (1)

where 𝑇 is the average temperature, 𝑇h and 𝑇c are the temperatures at the hot
and cold sides, respectively, and 𝑍𝑇 is the dimensionless thermoelectric figure
of merit for the thermoelectric material. There are three main approaches to
improve the thermoelectric conversion efficiency of TEGs: thermoelectric mate-
rials can be developed with a 𝑍𝑇 value greater than 1; the structure of the TEG
module can be optimized; and a large temperature difference can be ensured
across the TEG module for the highest possible thermoelectric efficiency[20].

The 𝑍𝑇 value is determined by the intrinsic properties of the thermoelectric
material, as shown by

𝑍𝑇 = 𝑆2𝜎
𝜅ele + 𝜅lat

𝑇 , (2)

where 𝑆 is the Seebeck coefficient, 𝜎 is the electrical conductivity, 𝜅ele is the
carrier thermal conductivity, and 𝜅lat is the lattice thermal conductivity of the
thermoelectric material. To achieve the highest 𝑍𝑇 value possible, a variety
of new materials with excellent thermoelectric potential have been discovered,
such as Bi2Te3-based and Mg3Bi2-based thermoelectric materials with excellent
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thermoelectric performance at room temperature, PbQ (Q = S,Se,Te)-based,
SnQ (Q = S,Se,Te)-based, GeTe materials for mid-temperature applications,
and skutterudites, which are Half-Heusler materials with remarkable 𝑍𝑇 values
at high temperatures. In addition, numerous optimization strategies have been
designed for various thermoelectric material systems. For example, band engi-
neering[21] is used to adjust the band structure of materials, increase the density
of states, optimize the carrier concentration, and enhance the Seebeck coefficient.
Other potential methods include nanostructure engineering[22], phase engineer-
ing, defect engineering[23], high-entropy engineering[24], and the phonon-liquid-
electron-crystal (PLEC) strategy[25], which introduces multi-scale phonon scat-
tering centers to optimize the thermal transport properties of materials. Among
these, single crystal SnSe-based thermoelectric materials, since their first report,
have exhibited a 𝑍𝑇 value as high as 2.6, sparking significant research interest.
However, due to the inherent dissociation characteristics of SnSe crystals, their
mechanical properties are weak, making processing a significant challenge and
limiting their large-scale application. It is noteworthy that polycrystalline SnSe
materials, after doping modifications, can also achieve 𝑍𝑇 values greater than
2, and have significantly improved mechanical properties compared to single-
crystal SnSe materials, fulfilling the needs for production and processing.

Furthermore, the structural design of thermoelectric generation modules is also
a crucial factor that cannot be ignored, and needs to be carried out accord-
ing to the design logic shown in Fig. 2[26]. The traditional design model
for thermoelectric generation modules follows a 𝜋-shaped structure, where n-
type and p-type thermoelectric legs are alternately connected end-to-end via
weldable electrodes, forming a series circuit. Due to its simple modular de-
sign, ease of assembly and use, as well as lower production costs, this type of
structure is widely used for thermoelectric generation modules. Meanwhile, the
requirements of long service life, high module stability, and high-power gener-
ation efficiency for space exploration missions have driven the development of
segmented device designs based on the 𝜋-shaped structure. This innovative de-
sign concept can achieve performance beyond that of traditional thermoelectric
generation modules by selecting and matching thermoelectric materials. Addi-
tionally, segmented thermoelectric generation modules achieve thermal-physical
property matching by selecting p-type and n-type materials with similar coef-
ficients of thermal expansion, reducing the risk of stress damage to the device
caused by thermal stress mismatch. However, in comparison with traditional
thermoelectric power generation modules, the production and assembly process
of segmented modules is more complex, which increases production costs and
requires comprehensive stability assessments before operation, which increases
time costs.

In the structural optimization of thermoelectric modules, the geometric dimen-
sions of thermoelectric legs are a critical component. Given the differences in the
electrical and thermal transport properties of the p-type and n-type thermoelec-
tric materials in the module, we select polycrystalline SnSe as the thermoelec-
tric leg material for the SCOPE power supply scheme, constructing a 𝜋-shaped
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thermoelectric device model with two pairs of thermoelectric legs for geometric
optimization simulations, to achieve the best device performance, as shown in
Fig. 3. Using the finite element simulation method, via the COMSOL software
package, we model a temperature gradient with a hot-end temperature of 673
K and a cold-end temperature of 273 K, to optimize the aspect ratio (A/H) of
the thermoelectric leg height to its cross-sectional area.

As shown in Fig. 3A and Fig. 3B, increasing the load resistance leads to a
rise and subsequent fall in the maximum output power (𝑃max) and thermoelec-
tric conversion efficiency (𝜂) across devices of all sizes, peaking at a specific
dimension. However, when the load resistance is fixed, 𝑃max decreases as the
A/H ratio drops, whereas 𝜂 increases, demonstrating that 𝑃max and 𝜂 cannot be
maximized concurrently for a single device dimension. We perform additional
simulations under constant load resis-

Topology design

Thermoelectric properties: 𝜎(𝑇 ), 𝑆(𝑇 ), 𝜅(𝑇 )
𝑇h, 𝑇c, 𝐿, 𝑊, 𝐻
Compatibility of materials

Integrated device design

Electrode/Barrier/Fillers: 𝜌(𝑇 ), 𝜌c(𝑇 ), ℎ(𝑇 ), 𝜅(𝑇 )
Filling ratio, barrier layer size

Perfect preparation technology

Thermoelectric coupling: heat conduction, Seebeck effect, Joule effect, Peltier
effect, Thomson effect

• Multi-parameter design of TE leg size and load resistance

• Temperature, potential distribution, current-voltage, power, efficiency

• Optimal geometric size, to achieve 𝜂max or 𝑃max

• Energy loss analysis

• Parameter design of electrode/barrier layer/filler

• Optimal process parameters to minimize performance loss

Full parameter integrated optimization

The best device module design

Fig. 2. The basis of optimal design for a thermoelectric power gen-
eration module.

Fig. 3. Panel labels and axes/legends visible in the plots:
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• A: 𝑃max/W versus Load resistance/Ω. Legend: A/H = 3.6; A/H = 1.8;
A/H = 1.1; A/H = 0.7; A/H = 0.5; A/H = 0.4.

• B: 𝜂max/(%) versus Load resistance/Ω. Legend: A/H = 3.6; A/H = 1.8;
A/H = 1.1; A/H = 0.7; A/H = 0.5; A/H = 0.4.

• C: 𝑅in/Ω versus A/H/mm.
• D: 𝑃max/W and 𝜂max/(%) versus 𝑅in/Ω. Legend: Output power; Conver-

sion efficiency.

Fig. 3. The (A) maximum output power (𝑃max) and (B) maximum
thermoelectric conversion efficiency (𝜂) of two pairs of 𝜋-shaped tin
selenide (SnSe) thermoelectric power generation devices with load
resistance. (C) The relationship between the internal resistance of
the device and the ratio of the cross section to the height of the ther-
moelectric leg. (D) The relationship between the maximum output
power of the device and the thermoelectric conversion efficiency with
the internal resistance.

tance to examine the internal resistance of devices with differing dimensions.
As shown in Fig. 3C and Fig. 3D, as the A/H ratio increases, the internal
resistance (𝑅in) of the device gradually decreases, while higher 𝑅in correlates
with a drop in 𝑃max. Meanwhile, 𝜂max remains steady at 12%. Thus, 𝑃max and
𝜂max can be achieved by increasing A/H under a constant hot-cold temperature
difference. Nonetheless, an excessively high A/H ratio limits the thermoelectric
leg height in micro-scale thermoelectric modules, while overly short legs hinder
the establishment of a

sufficient temperature gradient between the hot and cold ends. Therefore, con-
sidering manufacturability, we select an A/H ratio of 3.6 for assembling the
thermoelectric device.

Based on the simulation results, we designed and created thermoelectric devices,
and conducted power generation tests on individual thermoelectric devices, with
the results presented in Fig. 4. The first test is the cyclic heating power gen-
eration test. A specially designed temperature-controlled heating plate is used
as the heat source for assessment, and a water-cooling system is used at the
cold end, to maintain the temperature difference between the two ends of the
thermoelectric device. The hot end temperature was set at 643 K and main-
tained for 6 h. Then it was cooled down to 300 K and 20 cycles were con-
ducted. The test results are shown in Fig. 4A. During 20 cycles of heating,
the thermoelectric module can stably provide a power supply of 3.5 W. In ad-
dition, the thermoelectric module was tested for long-term heat preservation
and power generation using the same assessment device, i.e., the hot end was
heated to 643 K and maintained for 18 h. The test results are shown in Fig.
4C. During the heat preservation process, the thermoelectric module can also
stably provide 3.5 W of electricity. Subsequently, we characterized the phase
structure of the thermoelectric materials in the thermoelectric module after 𝑥
cycles (𝑥 = 0, 1, 3, 5, 10, 15, 20) of tests, to determine their stability, with results
shown in Fig. 4B and Fig. 4D. The X-ray diffraction peaks of all the tested
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SnSe thermoelectric materials were in good agreement with the standard card.
No diffraction peaks of the impurity phase or obvious lattice distortion were
observed, indicating that the phase structure of the samples was stable after
cyclic heating and cooling.

By placing the thermoelectric generation module on the back of the thermal
protection shield of the solar probe, high-energy radiation and particle impacts
can be effectively shielded. However, this increases the requirements for thermal
conduction efficiency between the hot end of the thermoelectric power module
and the heat shield. To achieve uniform distribution of heat flow and avoid local
hotspots that cause uneven heating of the thermoelectric generation module, a
heat spreading material should be applied to the external surface of the hot side
of the thermoelectric generation module, allowing heat to diffuse evenly across
the contact area of the entire module. Meanwhile, the hot side surface should
also maximize heat absorption from the heat shield and transfer it to the ther-
moelectric material. This can be achieved by coating the hot side surface with
a high-thermal-conductivity coating to optimize the thermal contact resistance
at the interface.

On the basis of the above two requirements, we select a carbon-based coat-
ing (e.g., graphene-based materials) as the contact layer between the thermo-
electric generation module and the thermal protection shield. Carbon-based
materials have been widely used in the field of heat dissipation in electrical
equipment and industrial equipment, due to their excellent thermal conduc-
tivity (taking graphene as an example, thermal conductivity is in the range
of 1000–1500 W m−1 K−1)[27,28]. Kumar et al. report radiation stability of
graphene under extreme conditions of high energy density, generated by 150
MeV Au ion irradiation, which proves the practicability of graphene-based ma-
terials in high-radiation environments

Fig. 4. Power generation test results of a single thermoelectric device.
(A) 20-cycle heating and power generation test. (B) XRD patterns of SnSe
thermoelectric materials after the test. (C) Long-term power generation test.
(D) Local magnified patterns between 25° and 35°.

and space applications[29]. Furthermore, to ensure the close contact between the
thermoelectric generation module and the thermal protection shield, we apply
micro-surface shaping technology on the contact surface to minimize small dis-
continuities on the outer surface of the hot side, improving the continuity of the
thermal conduction path. In addition, we use high-conductivity nanoparticle-
enhanced thermal paste (with a thermal conductivity of > 20 Wm−1 K−1) to
further smooth the surface. Finally, by designing bolts, we achieve a tight me-
chanical connection between the thermoelectric generation module and the back
of the thermal protection shield, ensuring good contact while firmly securing the
thermoelectric module to the back of the shield, preventing it from detaching
due to mechanical vibrations or other factors. Meanwhile, to maintain a large
temperature gradient between the hot and cold ends of the power generation
module and prevent heat from the hot side from transferring to the cold side via
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unnecessary paths, it is essential to fill the interior of the thermoelectric module
with low thermal conductivity or insulating materials (e.g. aerogels or alumina
fibers).

3. THE AUXILIARY ROLE OF SOLAR POWER GEN-
ERATION
In a similar “touch the Sun”mission, the NASA PSP is preparing to plunge
to within 4 million miles of the solar surface and will be subjected to levels of
heat and radiation unprecedented for spacecraft to endure, offering previously
unavailable observations and allowing close study of the Sun. The energy source
of the PSP is provided by a well-designed, actively cooled solar panel. This solar
panel consists of two components: two solar panels placed on either side of the
PSP, covering a total area of 1.55 m2, and a radiation heat sink situated behind
the thermal protection module.

Photovoltaic cells, commonly considered the most efficient solar energy conver-
sion technology, are available in different forms for power generation. They can
operate as standalone units or be interconnected in series to create extensive
solar cell arrays. The primary mechanism of power generation in solar cells
involves semiconductor p-n junctions. When sunlight strikes the p-n junction,
it creates hole-electron pairs, prompting electrons to migrate from the p-region
to the n-region, thereby producing an electrical current in the circuit when com-
bined with an external load. This current originates from the absorption of
high-energy photons by the photovoltaic material, while lower-energy photons,
unable to be absorbed, are instead converted into heat. Additionally, as a result
of the inherent resistance of silicon, the current flow causes heating within the
solar cells.

During operation, the heat generated by the solar panels and solar radiation is
carried by one gallon of circulating water to the radiators for cooling. When clos-
est to the Sun, the spacecraft receives solar intensity roughly 475 times stronger
than that in Earth orbit. Therefore, the surface temperature of the solar cells
in operation can become very high, significantly reducing power conversion effi-
ciency and severely shortening the lifespan of the cells.

It is essential to find new technologies to address the thermal management chal-
lenges of photovoltaic power systems. Liu et al. proposed an advanced thermal
management system (ATMS), with adaptive control based on the characteristics
of the SCOPE mission[30]. A benefit of an advanced fluid cooling system and
modular design is that changes in the thermal environment, where the detector,
solar array, and payload are located, can be responded to quickly.

For missions such as close solar probes that make full use of received thermal
energy, we have designed a dual-power supply system where thermoelectric gen-
eration serves as the primary power source, with solar power generation as a
secondary source. Although thermoelectric generation can harness the temper-
ature gradient generated by the thermal protection shield for power generation,
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its efficiency is limited by the temperature difference and thermal conductivity,
and the output power may not be sufficient to meet peak load demands. Solar
power generation, being a well-established energy conversion technology, can
provide an additional energy source for the power system. The deep space envi-
ronment is complex and variable. When the spacecraft operates at a greater dis-
tance from the Sun, the temperature on the rear of the thermal protection shield
decreases, causing a reduction in the efficiency of the thermoelectric generator.
In these situations, solar power generation can assume part of the power supply
responsibility, ensuring the proper functioning of essential systems. Moreover,
when sunlight conditions are favorable and thermal management stress is low,
incorporating solar power generation can decrease the prolonged high-load op-
eration of the thermoelectric generator, prolonging its lifespan, and providing
additional energy reserves for long-duration missions. Therefore, a dual-power
supply system is an effective solution. When solar radiation is less than 300
times that near the Earth, solar panels are used to supply power. When the
intensity of solar radiation exceeds 300 times that near the Earth, solar panels
will retract and fold, and all required energy will be provided by thermoelectric
modules.

4. ENERGY STORAGE AND ENERGY MANAGE-
MENT SYSTEM
To accommodate fluctuations in the thermoelectric and solar power generation,
an energy storage and intelligent energy management system are also critical
components of this power supply scheme, as shown in Fig. 5. The system needs
to have efficient energy distribution capabilities and dynamic adaptability to
balance the differences between the two power generation methods and optimize
the energy use efficiency[31].

Visible text in Fig. 5: (A) 𝐼TE, 𝐼sh, 𝑅sh, 𝑅b, 𝑉TE, 𝑅TE = 𝑅sh. (B) 𝐼ph, 𝐼D, 𝐼sh,
𝑅sh, 𝑅s, 𝑅a, 𝑉PV, 𝑅PV = 𝑅sh + 𝑅s. (C) 𝐶BST1, 𝐿, 𝐶BST2, BST1, BST2, 𝑉CC,
𝑃𝑉IN, 𝑃𝑉OUT, SW1, SW2, A, B, C, D, PGND. (D) Energy storage system bat-
tery protection design. (E) Current sensor; Signal conditioning; Current sensor;
IIC; Raspberry Pi; Dynamic energy management module control & Monitor
strategy. (F) Electromagnetic field detector; Solar high-energy particle detec-
tor; Extreme ultraviolet multi-band imager; Data processing and transmission
computer.

Fig. 5. Energy storage and energy management system. (A)
Equivalent-circuit diagram of the TEG. (B) Equivalent-circuit diagram of the
solar cell. (C) Energy acquisition and conversion module used to stabilize
the voltage during energy source switching. (D) Energy storage module. (E)
Energy management module used to adjust the priority of the two power
supply methods according to the environmental conditions. (F) Scientific load.

In the energy collection and conversion module, an independent thermoelectric
power generation input interface and a solar cell input interface are selected
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and connected to DC-DC converters. A multi-channel DC-DC converter is then
used to adjust the output voltage of the two power generation methods to the
working voltage of the energy storage system (e.g., 3.7 V or 7.4 V) for voltage
regulation and integration. An intelligent switching network is used to deter-
mine the power supply method for the energy storage system, based on preset
conditions, giving priority as required. For the energy storage devices, after
comparing various typical battery types used in space missions, such as lithium-
ion batteries (LIBs), lithium-polymer batteries, nickel-metal hydride (NiMH)
batteries, nickel-cadmium (NiCd) batteries, and solid-state batteries, we select
the high-temperature LIBs for this power supply scheme for their current higher
technological maturity. Compared with traditional nickel-chromium batteries,
LIBs have higher energy density, a longer cycle life, and shorter charging time,
which can provide more stable power support for the detector. At the same time,
the lower quality makes it suitable for weight-sensitive detectors. In the SCOPE
mission, the LIBs not only face high-temperatures generated by the exothermic
reaction during the charging and discharging process, but also face the challenge
of increased operating temperature near the sun. Fortunately, the question of
how to improve the high-temperature stability of LIBs has attracted attention in
the research community in recent years. Yu et al. improved the electrochemical
performance of the cathode by adding 3-triethoxysilylpropylsuccinic acid anhy-
dride to the electrolyte to remove water and hydrogen fluoride, and after holding
at 358 K for 8 hours, the thickness expansion rate was reduced from 60% to 23%,
which improved the long-term stability of LIBs[^32]. Li et al. inhibited high-
temperature side reactions by introducing anionic acceptor additives, allowing
high-temperature LIBs to have long-term stability and high-temperature toler-
ance. After 100 cycles at 328 K, the capacity retention rate reached 84%[^33].
In addition, the study of new high-temperature-resistant electrolytes provides a
pathway for moving from room-temperature lithium-ion technology to extreme-
temperature applications. Leela et al. reported a battery chemical system based
on non-flammable phosphonium ionic liquid, which provides a stable electrode-
electrolyte interface, achieving electrochemical performance up to 398 K safely
at high temperatures. The battery sample maintained a Coulombic efficiency
of 99.5% after 300 cycles at 373 K[^34]. Zhang et al. achieved a Coulombic
efficiency of 98.8% for lithium-copper batteries using solvent-free molten salt
electrolytes after 500 cycles at 353 K[^35].

The constituent elements of lithium-ion batteries are low in mass, meaning that
they are highly vulnerable to damage from high-energy radiation. Consequently,
spe-

cial shielding designs to protect the batteries from solar energetic particles are
necessary to preserve their operational lifespan. To ensure mission safety, mul-
tiple battery sets are installed to provide redundancy and avoid any power
interruptions caused by single-point failures. During mission execution, the
dynamic energy management module adjusts the priority of power generation
methods, performing real-time monitoring and prediction for energy scheduling.
By considering factors such as distance, temperature differences, power gener-
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ation efficiency, and load requirements, the power generation ratio and supply
sequence are dynamically adjusted. When farther from the Sun, thermoelectric
generation efficiency decreases, and solar power generation is primarily used to
supply the energy storage system; when closer to the Sun, thermoelectric gen-
eration power increases, and the attitude of solar panels is adjusted to reduce
thermal management pressure, prioritizing thermoelectric generation. During
low-load conditions, excess energy is stored, and under high-load conditions,
direct power supply is prioritized to reduce the output pressure on the energy
storage system.

5. CONCLUSION
Our proposed power supply scheme combines thermoelectric generation and
solar power, effectively addressing the challenges of energy fluctuations and en-
vironmental changes in the SCOPE mission through intelligent energy manage-
ment and efficient energy storage systems. Thermoelectric generation uses the
temperature difference between the heat shield and the deep space environment
to provide stable power for the spacecraft, while solar power serves as an addi-
tional energy source under suitable conditions, optimizing energy use efficiency.
The design of multiple battery redundancy mechanisms and intelligent schedul-
ing ensures the efficiency and stability of the power supply system under vari-
ous operating conditions. Additionally, considering the impact of high-energy
radiation on battery life, our scheme incorporates high-temperature lithium-ion
batteries and specialized shielding to ensure mission safety and long-term bat-
tery stability. Overall, this scheme enhances system reliability and continuous
energy supply, providing a promising method for energy management in the
SCOPE mission.
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