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Lunar exploration requires a continuous supply of electrical power, independent of solar irradiation availability.
This can be provided by Radioisotope Thermoelectric Generators (RTG) which have been successfully deployed
in various deep-space missions, proving their reliability and longevity. Design and operation of an RTG is a
complex multi-disciplinary challenge, as they consist of a multitude of functionally interlinked components. To
optimize the system, we developed a thermoelectric network model to rapidly simulate RTG operation. Using an
iterative process, our network model calculates the heat flow and the temperature difference across each RTG
component and from this evaluates the electrical power generated by the thermoelectric modules. We used the
241 Am-based RTG design with BisTes-based thermoelectric modules, developed by the European Space Agency,
as baseline and coupled our network model to a genetic algorithm to identify an RTG design with maximum
specific power while maintaining safe operating temperature limits. The optimized RTG design reaches a specific
power of 1.38 W/kg at a power output of 13.9 W] assuming environmental temperatures typical for the lunar
surface, a considerable increase over earlier results of 1 W/kg and 10 W. Validation of our tool with a finite
element analysis model revealed excellent agreement, with a power output difference of 1.1 % and a three order
of magnitude reduction in computational time. Our methodology thus allows for fast but accurate optimization
of RTGs, an understanding of the interplay between the different parameters, and the adaptation of RTGs to
different environments, accelerating their advancement for future deployment.

1. Introduction

Investment in space research and exploration has yielded a wide
range of socioeconomic benefits, such as new science, environmental
monitoring, communications and new materials [1]. Moreover, the
establishment of a human colony on the Lunar surface, as part of Project
Artemis [2], and later on the Martian surface, could act as the founda-
tion for a vibrant space economy based on resource mining or space
tourism [3,4]. These prospects have attracted considerable funding in-
crease in both the European Space Agency (ESA), whose budget
increased from 4.3B€ in 2013 to 7.79B€ in 2025 [5], as well as in the U.S.
National Aeronautics and Space Administration (NASA) whose budget
increased from 19B$ in 2017 to over 27B$ in 2024 [6].

Space research missions can be categorized based on their prefer-
ential power source. Low-Earth orbit applications or orbital exploration
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of inner planets, i.e. Mercury, Venus and Mars, have solar irradiation of
sufficient intensity to power their activities through photovoltaic cells.
However, this is not the case for deep space or surface exploration ap-
plications. For these, solar irradiation may be too low in intensity, e.g.
missions beyond Jupiter [7], or unavailable for long periods of times, e.
g. on the Moon where lunar night lasts 15 Earth days [8]. Moreover, dust
accumulation on solar panels, as would be the case with Moon and Mars,
quickly degrades the power output as shown in a recent NASA study [9].
To power scientific apparatus in such situations, NASA developed the
technology of the Radioisotope Thermoelectric Generator (RTG) as early
as mid-1950 s [10]. Several types of RTGs have been developed that
powered high-profile missions, such as the SNAP-27 RTG used in the
Apollo program, the GPHS-RTG used in Galileo, Ulysses and Cassini
missions, and the MMRTG used in the Curiosity and Perseverance rovers
[10]. Throughout decades of usage, the RTGs have proven their
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reliability and longevity, as no mission was terminated prematurely
because of RTG failure and most missions exceeded their intended
operation lifetime [11]. Recently, ESA started funding the development
of its own scalable RTG [12], where each stackable unit aims to produce
10 W¢ (electrical power output) from a 200 Wy, (thermal power output)
heat source. However, it has not been flight-tested yet.

In its core, the RTG utilizes the heat generated continuously by the
radioactive decay of a radioisotope material. In NASA’s case, 2>Pu was
deployed because of its availability in the U.S.A. as a side product of
nuclear weapon production [13]. However, with the current legislations
against nuclear weapons, 2*®Pu production has halted and alternative
options are being investigated. For ESA, due to the limited availability of
238py in Europe, research conducted by the UK’s National Nuclear
Laboratory has identified 2*'!Am as a potential candidate for RTG sys-
tems [12,14]. 2*'Am is a by-product of the civil nuclear energy industry,
produced by the beta decay of 24'Pu, thus making it widely available in
Europe [14]. Compared to 238Pu, 2! Am has a longer half-life, 432.6
years as opposed to 87.7 years, but a lower specific thermal output, 0.1
W/g as opposed to 0.5 W/g [15]. The lower thermal output means that
241 Am-based RTGs will have lower specific power by design, i.e. elec-
trical power output per system mass, compared to 238py-based RTGs.
This is a key aspect as specific power must be maximized to reduce
launching costs [16]. Despite this downside, the wider availability of
241 Am, its radiation safety (it has a lower radioactivity than 23®Pu thus
requiring less shielding), lower cost and longer half-life make it one of
the best alternatives for the next RTG generations [17,18].

It is key for the utilization of nuclear resources in space to ensure safe
containment of the nuclear fuel during all mission phases, including
ground handling and launch, as well as during unplanned events such as
accidental reentry, impact and post-impact situations [19,20]. There-
fore, the inner RTG core utilizes a multilayer architecture. The nuclear
fuel is manufactured using a ceramic form, which has low chemical
reactivity and high mechanical strength [19]. A metallic cladding sur-
rounds the fuel, which should be impact-resistant, oxidation-resistant,
weldable and suitable as a diffusion barrier [20]. In NASA’s RTGs, an
iridium alloy has been used [21], while in the ESA RTG a Pt-20 %Rh
alloy cladding is considered which has been extensively tested for its
mechanical strength and oxidation resistance [22,23]. An insulating
graphitic foam sleeve is surrounding the clad to protect the fuel and the
clad against the extreme temperatures of an accidental re-entry. The
loaded sleeves are then placed within an aeroshell containment, which
protects the inner components from thermal shocks or ablation during a
hypersonic re-entry, while also acting as a thermo-mechanical interface
with the outer RTG components [10,12]. This fuel-clad-sleeve-aeroshell
assembly is henceforth mentioned as the European Large Heat Source
(ELHS) [24].

The radioactive decay heat is partially converted into electricity via
thermoelectric (TE) materials. Specifically, p- and n-type TE materials in
the shape of prismatic legs, joined into a multitude of pn-couples, are
deployed in a TE module (TEM). The p- and n-type legs in each of the
thermocouples are connected electrically in series and thermally in
parallel [25]. TEMs utilize the Seebeck effect to convert a heat flow due
to a temperature difference into electrical power. The performance of a
TEM depends on the TE properties of the deployed materials, in
particular on their TE figure of merit 2T, on the interface properties, and
on the geometry of the legs and the module [25,26]. In the RTG, the hot
junctions of the TEM are placed close to the radioisotope fuel and, to
facilitate a large temperature difference across them, radiative fins are
installed at their cold junctions to dissipate the residual heat to the
environment.

Over the course of its lifetime, the RTG performance drops for two
mains reasons, the natural decay of the fuel’s radioactivity and the
degradation of the TE modules [27]. The heat released by the radioac-
tive fuel depends on the utilized isotopes’ half-life time. The exponential
decay of 238Pu is ~0.75 % per year [21], while 2*'Am decays at a rate of
~0.16 % per year, which amounts to only 2.7 % for a 17-year mission as
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is the Mars Science Laboratory (MSL) Curiosity rover. The degradation
of the TEM can be categorized into changes of the functional materials,
e.g. due to diffusion, sublimation, etc., and of the contacting interfaces,
e.g. due to cracking, delamination, diffusion and possible formation of
reaction layers [28-31]. Such phenomena are governed by the operating
temperature and are therefore usually most pronounced at the hot
junction of the TE material, with temperatures above the maximum
specified operating temperature having an accelerating impact. Exten-
sive tests on skutterudite-based TEM have been run by NASA to un-
derstand the drivers of degradation phenomena and they identified that
a metallic coating on the hot TEM junction was very effective at
reducing degradation phenomena [32,33]. The RTG structure, i.e. ma-
terial choice, thickness, shape of employed components and their ther-
mal coupling conditions, determines the magnitude of heat flux at the
hot TE junction which then determines the best TE materials choice for
deployment. Each TE material type has a temperature range for opti-
mum operation, as well as a maximum operating temperature that
should not be exceeded to prevent structural damage or material
degradation [34]. Throughout the different generations of RTGs, several
TE materials have been deployed, such as SiGe (GPHS-RTG), PbTe/
TAGS-85 (MMRTG) and BisTes (ESA-RTG) [10,12]. Radiation from
the radioactive decay or from a cosmic origin, e.g. solar storms, can
damage the TEM, altering its TE properties. The heritage TEMs used by
NASA have proven their resistance to radiation damage, as their oper-
ation exceeded their intended mission scenario by far. While the BisTeg
module deployed in the ESA RTG has not been flight tested yet, its ra-
diation resistance has been experimentally verified [35]. Unlike NASA’s
RTG that usually follow a polygonal design, the ELHS has a truncated
triangle cross section, with TEMs placed at the short edges and thermal
insulation on the long edges, as well as at the base and top faces of the
RTG. Here, six radiative fins are installed per RTG unit [12]. As RTGs are
intended for deep-space environments or for surface exploration where
natural convection is absent, cooling through thermal radiation from the
fins into the cold environment is the predominant temperature control
method. Consequently, larger fin surface area translates to higher
cooling efficiency, and thus higher power output, however the overall
system mass also increases, reducing the RTG’s specific power. Opti-
mization of RTGs is therefore a delicate balance of nuclear fuel choice,
component material selection, structural design for efficient heat
transfer, and suitability and performance of the TEMs, with the specific
power and the safe operating temperature limits being the key optimi-
zation drivers.

Such a systematic optimization of the RTG technology requires
multi-parametric tools that are able to analyze the RTG behavior and
performance in-depth under realistic mission scenarios. For this, Finite
Element Analysis (FEA) modelling has been used. For the MMRTG,
Barklay et al. [36] and Whiting et al. [37] performed thermal simulations
to investigate design modifications. Barklay et al. [36] considered
installing additional TEMs internally, i.e. within the MMRTG housing, or
externally, i.e. between the housing and the fins, as well as changing the
fin number and dimensions. The FEA simulations revealed that the
external TEM configuration performed the best, increasing the power
output by up to 22 %, but all modifications considerably reduced the
specific power compared to the baseline design. Whiting et al. [37]
investigated the MMRTG behavior when operating it at different volt-
ages, i.e. 28 V (nominal operation) and 32 V, and accounting for the
lunar day and night conditions as thermal boundary conditions. It was
found that higher voltage operation leads to elevated internal temper-
atures at the TEM which could cause structural damage, although the
driving factors of these phenomena were not explored. For the ESA RTG,
Ambrosi et al. [12] performed thermal simulations focusing on analyzing
the temperature and heat distribution to ensure compliance with ma-
terial temperature limits in the current geometry, however system
optimization was not considered. Barco et al. utilized mechanical sim-
ulations focusing solely on impact modelling to test the stability of the
fuel assembly during accident scenarios, confirming that the current
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encapsulation strategies can prevent fuel leakage [23,38]. These studies
primarily focused on purely thermal or mechanical simulations, treating
the TEM as a passive, conductive element. In fact, 3D FEA TE simula-
tions for RTG investigations have only recently appeared in the litera-
ture. Tailin et al. investigated the performance of the Chinese Chang’E-4
RTG during its lunar operation [39]. They identified that according to its
position with respect to the sun, different temperatures at the TEM and
RTG components were observed [39]. Liu et al. simulated the MMRTG
and investigated its behavior during operation, observing a non-uniform
lateral temperature distribution at the hot TEM junction [40]. To the
best of our knowledge, 3D FEA TE simulations for the ESA RTG have not
yet appeared in the literature.

Full TE simulations are a highly valuable tool to optimize and
advance the technology readiness level (TRL) of the RTG. They provide
valuable insight into the 3D heat flux distribution within the various
RTG components and link it to the operating regime of the TEMs,
guiding decisions for safe operation strategies during mission scenarios.
This approach is highly beneficial due to the difficulty in obtaining data
from RTG hardware under operation, given the vast cost and effort for a
test in space or even in laboratory conditions as nuclear protocols are
quite strict, thus limiting laboratory investigations to electrical ana-
logues [34,38]. The scarcity of TE simulations in literature therefore
forms a considerable barrier for timely development of optimized RTGs.
On the other hand, while 3D FEA simulations yield valuable data for the
in-depth analysis of the RTG behavior, they are restricted by their large
computational resource demands, making them a time-consuming and
expensive tool for the extensive multi-parametric investigations neces-
sary when design optimization is considered. Consequently, there is a
need for a method to model the TE performance of the RTG system that
is orders of magnitude faster in computation time compared to FEA,
whilst keeping a high level of accuracy. TEMs are often represented by
(coupled) electrical and thermal network models, with network ele-
ments mimicking the ceramic housing, the TE legs and the inter-
connecting electrical bridges, to calculate the temperature profiles
across all components and use it to evaluate the TE performance by
solving the TE heat transfer equation [41-44]. By comparing these
predictions with experimental results, the influence of unaccounted-for
phenomena, e.g. degrading interface resistances or large drops in per-
formance due to crack formation, can be assessed [42,45]. Then,
expanding such network models to also include additional heat transfer
components can enable a detailed investigation on the system level.
Examples of such studies include the coupling of TEMs with heat ex-
changers to recover heat from exhaust gases [46], with a solar absorber
to model a solar thermoelectric generator system [47] and with an
infrared radiative cooler within a radiative cooling based TE device
[48]. Consequently, introducing a similar TE network model to
approach the RTG system as a circuit of thermal and thermoelectric
resistances could allow for a rapid performance estimation tool that
could be deployed for design optimization.

An example of this is the study of Jing et al. [49], who developed a
model of a mW-scale RTG powered by PuO, fuel and using a
Skutterudite-based TEM. The RTG was modelled as a purely thermal
resistance model, consisting of heat source and sink as well as several
resistors to account for TEM, insulation, etc. It considered two heat paths
for the radioactive decay heat, one across the TEM and the other along a
parasitic bypass. This network model was employed to analyze the in-
fluence of key TEM parameters (the number, the length and the cross-
sectional area of the TE legs) on the heat and temperature distribution
in the RTG; a few specific configurations were also modeled using
coupled TE and mechanical simulations with 3D FEA. The authors used
several approximations for their network model, specifically assuming
constant TE material properties and open circuit conditions, neglecting
current-related terms such as the considerable influence of Peltier heat
flow on temperature distribution and TEM performance. Furthermore,
they did not validate their network model against FEA results.

A similar approach was used in Mesalam et al. [24] who introduced
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Stirling convertors on the ELHS instead of TEMs. They employed a
thermal resistance network model to approach the system and investi-
gated the influence of parameters such as fin length, convertor stroke
and convertor failure on the system performance [24]. Stirling-based
radioisotope power systems are currently investigated by both NASA
and ESA as a potential alternative to RTGs, as they can reach higher
specific power [24,50-52]. However, while Stirling-based radioisotope
power systems have yet to be flight tested, RTGs have consistently
demonstrated long-term reliability in space missions, making them a
critical component of ESA’s technology 2040 roadmap [53]. As such,
improving RTG specific power remains a critical area of investigation.

In this paper, we address the need for a rapid multi-parametric model
with fully incorporated TE phenomena, suitable for RTG design opti-
mizations. We present a TE network model (NM) which approximates
the RTG components, except for the TEM, as a series of thermally
conductive or radiative elements. The heat released by the fuel is
distributed along two paths, the heat flowing through the TEM branch,
Quem_m, and the parasitic heat flow that passes through the insulation,
QBy. Through an iterative process, the temperature distribution within
each RTG component can be calculated based on these heat flows. This is
then used to solve the TE heat transfer equation for the TEM and identify
the optimum current and maximum power output. The TE NM is com-
bined with a genetic algorithm (GA) to perform a detailed parametric
study to identify the RTG design which maximizes the specific power
without exceeding the safe operation temperature limits of the hot side
TEM junction and of the protective cladding. To verify the TE NM, the
results of the optimized RTG geometry were compared to those of a 3D
FEA TE model, showcasing excellent accuracy and a considerable
reduction in the required computational resources. The structure of the
model and the underlying equations describing the thermal and TE ef-
fects are presented here in detail.

2. Models and methods
2.1. Geometry of the ESA RTG

Throughout this study, we consider a single RTG unit, consisting of
one ELHS surrounded by all components that make up the RTG, such as
insulation, hull and TEM. Situations that would require multiple ELHS
and RTG units to be stacked together to increase the power output will
introduce some modifications to the design of each unit that will be
mentioned when necessary. The ELHS currently under development by
ESA contains a 200 Wy, radioisotope heat source, composed of 12 fuel
pellets, enclosed in a Pt-Rh cladding and surrounded by a graphitic foam
sleeve, which are all placed within a carbon-carbon composite aeroshell
[12]. The assembly of the ELHS is presented in Fig. 1a. The fuel pellets
are cylinders with a diameter of 27 mm and a height of 35 mm. The
thickness of the clads and sleeves are not specified in the literature, but
are estimated to be around 2-3 mm [23], while the final dimensions of
the aeroshell core are a short-side length of 49 mm, a long-side length of
117 mm and a height of 113 mm [12].

One of the requirements of the developed model is to provide a
versatile code that can be used with several designs and various
geometrical parameters. To fulfill this while keeping the code accurate,
computationally efficient and user-friendly, the RTG geometry is broken
down into a handful of interrelated parameters. The number and di-
mensions of the 2! Am pellets, which are defined by their diameter, Dap,,
and height, han, as used by Ambrosi et al. [12], form the basis of the RTG
design. The cladding and sleeves retain the cylindrical form and have a
constant thickness, referred to as t.,q, and tgeeve, respectively. To
simplify the complex prismatic truncated triangle shape of the ELHS, the
six cylindrical sleeves are assumed to be packed as closely as possible in
the center of the aeroshell structure. This allows us to approximate them
as a pseudo-volume with the shape of an inner truncated triangle,
depicted with the dashed lines in Fig. 1b, which can be expressed with
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Fig. 1. A) assembly of the ELHS (european large heat source), b) top-view and
c) front-view section of the RTG components and respective design parameters,
along with a depiction of the pseudo-volume used in the network model
(dashed lines in b). in 1a, CBCF stands for carbon-based carbon fibers, the
material used for the sleeves.

three simple parameters, the dimensions of a) the short side, Iy, =
0.5 @ (Dam +2 ® tejaqg +2 ® tyjeeve)s b) the long-side, Leyel =
2.5 e (Dpm +2 @ tejag +2 © tyeeve), and c) the height of the pseudo-
volume, hfyep = 20 ham + 4 @ taq + 2 @ tyeeve, considering each Am-
pellet to be enclosed in its own clad. Fig. S3 in the ESI (Electronic
Supplementary Information) described the methodology followed to
derive the dimensions of the sides of the truncated triangle. This pseudo-
volume is extremely useful as the dimensions of all outer RTG
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components can be expressed in relation to it. For example, as depicted
in Fig. 1b for the aeroshell, the dimensions of a) its short-edge will be
equal to liero = liyel + \/4—/§ . tgew, b) its long-edge will be equal to
Laero = Liwet + /4/3 o th., and c) its height will be equal to haero =
tuel + 2 0 %, Here, th, and t’, are the horizontal thickness of the
aeroshell (i.e. in the direction of the heat flow) and the vertical thick-
ness, respectively. For simplification, we assume ¢!, and /. to be
constant across all sides. With these approaches in mind, and for the
aeroshell outer dimensions to be equal to the ELHS, the set of dimensions
selected were ty,q = 2 MM, tgeeve = 1.5 mm, £, = 27.7 mm and £/, =
16 mm. Because of the restrictions related to mesh generation, which are
discussed in Section 4 of the ESI, the sleeves were moved slightly out-
wards in the 3D FEA, leading to t?, being 25 mm instead of 27 mm,
however the volumes of all ELHS components remained identical be-
tween the two models.

Regarding the outer RTG components beyond the inner core, TEMs
are placed on the short-side edges, with their hot junction in contact
with the aeroshell and their cold junction in contact with a structural
support with two radiative fins per TEM mounted on it. On the lateral
sides of the TEM and on the long-side edges of the aeroshell, as well as on
the base and top areas of the aeroshell in case of a single RTG unit, a
thermal insulation layer is placed. Outside this insulation layer, a
metallic casing, referred to as the hull, is used to contain the RTG as-
sembly. In the NM, the insulation (lps, Lins and hins) and hull (L, Lhan
and hy,y) can be expressed in relation to the outer aeroshell surfaces
using thickness parameters, t;,s for the insulation layer and ty,, for the
hull, following the same relationship as lyero, Laero, and haero, respec-
tively. These thicknesses are considered constant both at the short and
long sides as well as at the top/bottom of the RTG. Similarly, the support
thickness is denoted as tg,,, while lg, and t, are the length and the
thickness of the fins, respectively. The height of the fins, hgy, is
considered equal to the total RTG height, spanning the edges of the hull,
i.e. equal to hy,y, while for a scaled-up RTG with several stacked ELHS it
should be taken equal to the height of the ELHS. These dimensions,
along with the components they represent, are shown in Fig. 1b and ¢
and are also collectively described in the nomenclature Table in the ESI.

Regarding the TEMs, depicted in Fig. 2a and b, hrgm and wrgy are the
height and the width of the TE module while tpqsing is the total thickness
of the housing that encloses the TE legs. The housing is composed of
ceramic layers and copper bridges and is calculated as
thousing = 2(tceram +tcu), Where the “2" accounts for the ceramic plates
and copper bridges being distributed equally in both the hot and the cold
junctions. Consequently, the leg length can be calculated from Itz =
tins + thul —thousing: The parameter lg,, is the gap width in between
neighboring legs, thus determining the fill factor which is the ratio of the
total area of the TE legs related to the area of the ceramic plate in contact
with the aeroshell. As described later, the width of the p- and n-type legs,
w, and wy, respectively, is determined from the cross-section area ratio
of the TE legs through the calculation of the optimum current which
maximizes the power output. To reduce the number of variables, both
leg types are considered as square-shaped and the minimum width for
the thinner TE leg is set to 2 mm. To determine the number of pn-couples
for given w, and w,, the model executes three steps, depicted graphi-
cally in Fig. 2c: initially (step 1), it will maximize the integer number of
couples placed along the short TEM edge, i.e. along wrgy, keeping a
distance of lg,, between subsequent legs and half this distance between
the leg and the edges of the module. Subsequently (step 2), the model
will check whether there is sufficient space to place an additional row of
pn couples rotated along the long TEM edge (htgm) (step 2). Finally (step
3), the model will fill the remaining module area with the maximum
number of pn couples, keeping the same couple placements determined
from steps 1 and 2 and maintaining a distance of lg,p.

In their RTGs, NASA filled the gaps in-between neighboring TE legs
with thermal insulation [40,54,55]. This insulation, beyond acting as a
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Fig. 2. A) TEM components along with the input and output current on the copper bridges used in the fea model, b) placement of the TEM on the aeroshell short-edge

and c) steps to fill the TEM with pn-couples in the nm.

mechanical support, prevents thermal radiation loss between the open
surfaces of the module, a phenomenon that can considerably reduce
module efficiency, particularly at elevated hot-side temperatures typical
of SiGe-based RTGs. Simultaneously, however, thermal insulation also
creates an additional thermal bypass within the TEM by conduction, but
Li et al. [54] identified that in their high-temperature SiGe module, this
effect is much weaker compared to a thermal bypass by radiation. As
radiative heat transfer is approximately «T® and we are looking only at
relatively low TEM hot side temperatures we have neglected radiative
heat transfer through the TEM in this study.

2.2. Material properties and limitations

Most of the materials selected for the RTG components here are taken
from Ambrosi et al. [12]. However, when material data were not
available in [12], data from other sources was used. As all components
except the TEM are modelled here as passive thermal resistors and the
focus is on steady-state calculations, the required properties relevant for
the employed materials are the thermal conductivity and the mass
density to estimate the components (and thus the system’s) mass. The
properties used for the RTG components as well as their references are
presented in Table 1. Detailed discussion and reasoning on material
selection is presented in Section 1 of the provided ESI. While the thermal
conductivity of each material in Table 1 is taken as temperature-
independent, the chosen value corresponds to the temperature range
each component is expected to reach during operation. Details about the
expected operating temperature of each component is also presented in
the ESL In addition, CBCF in Table 1 corresponds to Carbon-Based
Carbon Fibers, the material considered for the sleeves while Am;03-U
stands for (Amg gUg.12NPo.06Pu0.02)01.8, the chemical composition of the
uranium-stabilized Am»0s3 used in the ESA RTG and developed by Vigier
et al. [56].

For the TE material in the ESA RTG, a selenium- and antimony-
alloyed bismuth telluride module was employed, however the precise
composition was not disclosed [12]. Consequently, we chose data from

Table 1

Material properties used for the RTG components. The magnitude of the thermal
conductivity corresponds approximately to the temperature each material is
expected to have during operation, with detailed discussion presented in the ESI.

Material Component Density Thermal Cond. Ref.
[kg/m®]  [W/(mK)]
Am,03-U Fuel pellets 1.07-10* 1.2 [56,571
Pt-Rh Clad 1.87-10*  49.2 [58]
CBCF Sleeves 1.810> 025 [59]
SEPCARB Aeroshell 1.7510° 50 [60]
KDYS- Insulation 2.5.10% 0.018 [49]
4Aerogel
AM162 Hull/Fins 2.1-10° 210 [61]
Copper TEM bridges 8.96.10° 400 [62]
Al,O3 Ceramichousing ~ 3.72.10°  24.7 Measuredin-
house

Zhu et al. [63] as they not only report material properties but also
module data, indicating some maturity of the TEM. Specifically, a
combination of n-type Bi; gSbg2Tes7Seps + 15 wt% Te and p-type
Big 5Sby sTes TE legs are considered, for which Zhu et al. [63] reported a
6.6 % conversion efficiency. The temperature-dependent TE properties
are shown in Fig. S1 of the ESI. The material density we considered for
the n- and p-type legs is 6.88 - 10° kg/m> [64] and 7.28 - 10 kg/m> [63],
respectively. The temperature-dependent electrical resistivity of the
copper bridges is shown in Fig. S2 of the ESI.

BiyTes-based alloys are a benchmark TE material because of their
impressive TE properties around room temperature, however they are
limited to low operating temperatures of up to around 523 K, beyond
which they undergo decomposition [49]. In addition, for the Pt-20 % Rh
cladding, Ambrosi et al. highlight the formation of an intermetallic at
1473 K, which, when formed, will degrade the properties of the cladding
[12]. In the presence of americium, both Rh and Pt form intermetallics;
specifically, RhsAm forms at 1823 K, PtoAm forms at 1673 K and PtsAm
forms at 1473 K [65]. Moreover, Pt and Rh form eutectics with C at
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temperatures around 1973 K [66,67], a potentially relevant reaction as
the cladding is in contact with the carbon-based sleeve. In addition, as
reported by Inouye et al. [68], Pt-Rh-based alloys are resistant to
oxidation at temperature up to 1473 K, with minor weight changes as a
result of oxide formation. Consequently, adopting the 1473 K temper-
ature limit for the cladding is a reasonable assumption to prevent
degradation of the Pt-Rh properties. In our study, both these upper
temperature limits are considered during design optimization. On the
outer RTG surfaces, i.e., hull and fins, application of a coating layer is a
well-known method to increase emissivity [69]. In fact, the MMRTG
employs a white coating material with a high emissivity, which is
effective at both reflecting solar radiation as well as increasing the
radiative heat emitted from the fins [37]. The ESA RTG presumably
utilizes a similar coating as well [38], however no specific values were
reported. Here, as we neglect exposure to solar radiation, we assume
grey body emissivity. The spectral emissivity of the outer hull surfaces,
consisting of a 62 % aluminum-38 % beryllium alloy, was set equal to
0.4, determined from the emissivity of their pure metallic forms [70]
and the volumetric composition of the alloy, while for the fins we
assumed an emissivity of 0.95 [71].

2.3. Thermoelectric network model

2.3.1. Modeling the RTG components

The heat emitted by the fuel pellets, Qryel, can be considered to take
two paths only. On the first path, referred to as the TEM branch, after
passing through the aeroshell, a fraction of the heat flow, QrEM_in, €Nters
the TEM. This heat will create the temperature difference along the TE
legs, and a portion of Quem_1 will be converted into electrical power
output. The remaining heat, Qgm_ou, travels from the TEM’s cold side
through the support into the fins where it will be radiated to the envi-
ronment. In the second path, referred to as the thermal bypass branch,
QBy, the remaining portion of Qg is transmitted through the insulation
layer to the hull where it will be radiated to the environment. For all
calculations of this branch, both the side surfaces as well as the top and
bottom surfaces of the RTG are considered as we investigate a single
RTG unit configuration. Thus, even though the NM does not consider out
of plane heat fluxes explicitly, the relevant contribution of the top and
bottom surfaces to radiative exchange with the environment is taken
into account. Based on these principles, the TE NM of the RTG is
sketched as an analogue circuit, with each path including a series of
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elements that represent the RTG components, schematically drawn in
Fig. 3. The temperature of the environment, referred to as Tepy has been
set to 220 K, which corresponds to the average temperature around the
polar areas of the Moon [72].

Among the elements of the model in Fig. 3, most of them represent
thermal resistances that are purely conductive. These include the clad,
sleeves, aeroshell, insulation, hull and support. Thermal interface re-
sistances between neighboring components have a detrimental effect on
the temperature profiles and power output of the overall system [73].
Practically these can be minimized constructively, e.g. by high surface
quality or by applying mechanical pressure and/or thermal grease in the
contact regions [74,75]. As the magnitude of the thermal interface re-
sistances is not reported [12], they are neglected in the current study,
but can be implemented in a straightforward manner by adding further
resistive elements to the NM.

For clad, sleeve, aeroshell, insulation, hull and support components,
effective and temperature-independent material properties are consid-
ered, leading to an approximately linear temperature profile. For purely
conductive elements with no thermal contact resistance, the tempera-
ture profile can be calculated using the integrated form of Fourier’s
formula, as per Eq. (1).

. AT
QFourier = Wl (€9)]
t;
W, = 2
Y ke Ay @

Here, W; is the thermal resistance of the element in question and it is
calculated using t; and A, i.e. the thickness and effective cross-section
area of the element in the path of the heat flow, respectively. Given the
truncated-triangle shape of the RTG, the cross-section area of each
element changes from its inner to its outer surface so for simplification
A is considered as the average of these two surfaces.

In the TEM branch, the supports are considered as conductive ele-
ments with a non-negligible thermal resistance, but radiative heat
transfer from them is neglected based on the much larger area of the fins
to simplify the model. Within the support volume, the heat flow is
redirected perpendicularly towards the fins. Consequently, as depicted
graphically in Fig. 4, Qrem_ou is divided into two equal fractions each
traveling towards one of the fins, thus Eqs. (1) and (2) are solved
considering the support’s perpendicular length, Iy, i.e. the distance
between the support’s central point and the base of the fins, while Aer =

—| Insulation }—{ Hull

Outer Hull
radiation

Trlmi

1 qucl
Fuel clad [— j po
Aeroshell —O
Fuellcore ' — QreM—-out
T}‘ur’[ T.\‘l(’(’l’(’ -
Support H Fins r—
wsup W}'?rils

Qll,h @

Qnc .
@ : Peltier heat source
l:] : thermal resistance
:] : electrical load

open loop voltage

Fig. 3. Schematic of the thermoelectric network model, showcasing the RTG components that constitute it, as well as the heat flows considered. Note that the

sketched Thomson heat flow, Qr, and Joule heat flow, Q;, to the hot and cold side hold only approximately, but are considered correctly in the actual calculations.
Thermal connections between components are represented by solid lines, while the electrical circuit is depicted by dashed lines.
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Fig. 4. Schematic of the heat flowing through the TEM and outwards towards
the environment, as well as of the heat moving through the bypass branch.
Along the support, the heat moving out of the TEM, Qgy_oue is split equally
and traverses perpendicularly towards the two fins, where it is radiated to the
environment.

tsup ® hsup, With tg, being the support’s thickness and hy, its height. In
the network model, Iy, and hs,, are dependent on the dimensions of
neighboring RTG components, i.e. equal to half the length of the outer
short side of the hull, I;;/2, and equal to the height of the TEM, hrgy,
respectively. This coupling simplifies the support optimization to a
single parameter, i.e. its thickness.

The outer hull surface and the fins radiate the heat passing through
them to the environment. For the outer hull surface, the heat exchanged
can be calculated using the Stefan-Boltzmann law, shown in Eq. (3).

QBy = €6Anun (T‘shull - TZnV) 3)

Here, ¢ is the emissivity, o is the Stefan-Boltzmann constant, Ay is
the outer surface area of the hull and Ty, is the outer surface tem-
perature. To calculate the inner hull temperature, T}, ha1, Eq. (1) would
then be solved. For the fins, however, conduction and radiation are
coupled along their length, thus the consideration of a linear tempera-
ture profile would be incorrect. For this reason, a unidirectional dis-
cretization of the fins into 50 slices along the fin length, ls,, is used to
solve the heat balance equation and thus obtain a precise temperature
profile using Eq. (4).

ET(x)  Tgeo + )
dx? B Afin ® Kfin e

(€3]

In this equation, T(x) is the temperature along the fin length, ITg, =
2e (tﬁn +hﬁn) is the perimeter of the slice determined using the thick-
ness, tm,, and the height, hg,, of the fins (the latter is set equal to the
height of the RTG’s outer hull as a single RTG unit is investigated) and
Afin = tgin ® hgy is the cross-section area of each slice along the fin length.
This ordinary differential equation is solved for the following boundary
conditions: For the base of the fin, the heat flow is set to Qgy_ou/2 and

dTg _ _ Qmmou/2 i
fa-h = —Quuow/2 ]lowing the

only conduction is considered, i.e.
? Kfin ®Afin

(x=0)
calculation of the fin root temperature, Ts, n. At the outer edge of the
fin, no heat conduction occurs so only radiative losses to the environ-

ment are taken into account, i.e. d%“j

= 0, with Ty, . being the fin
(x=L)
temperature at the edge. A sketch showcasing the temperature profile
calculation along the fin length is presented in Fig. S4 of the ESI.
Ambrosi et al. [12] mention that the critical temperature that the
Am303 pellets should not exceed is 1973 K. Although the current RTG
design with the BiyTeg as its TE module is unlikely to reach such tem-
peratures, it is important to track the temperature of the fuel core when
higher operating temperature TE materials are utilized. Within the fuel
pellet, conduction and heat generation are coupled using the general
heat balance equation for a heat generating cylinder, Eq. (5), which can
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be solved to derive the temperature profile, Eq. (6), using a set of
boundary conditions.

0 Tama03 (1) +1 OT(r) _  aGr ® qgen

or? r or - KAm203 (5)
GF ® gen

Tam203(r) = Tam203-—c +72GF Tse (Rog —1°) (6)
KAm203

Here, Tamaos_c is the temperature at the outer surface of the pellet
(adjacent to the clad), Ry is the radius of the cylindrical pellet and qgen
is the volumetric heat generation rate from radioactive decay. The
boundary conditions considered are a) Tamzos(r = Rpet) = Tamz0s-c at
the edge of the cylinder, with Tan03_. being equal to the hot side

temperature of the clad, and b) %—f
(r=0)
core of the fuel pellet. With our approach, we neglect the heat lost on the
base and top of the americium pellet, as that would require the solution
of a 2D partial differential equation. However, as an approximation, to
take into account that only a portion of the total heat would pass through
the side surface, we introduced the geometrical factor agr =

M, which is the ratio of the side cylindrical surface to the total
27Rpet (ham +Rpel )

surface of the cylindrical pellet and corresponds to ~72 %.

An important assumption made in the network model to simplify the
calculations is that the two branches, “TEM” and “Bypass”, are thermally
independent, which means that they don’t exchange heat with each
other. In other words, NM elements of the two branches that are in direct
vicinity in reality, e.g. contacts between TEM housing with insulation
and with hull as well as between hull and support, are assumed to be
perfectly insulated and no heat transfer is allowed, which might be
achieved practically to a very good extent by the use of thin, thermally
insulating layers between the components. We have run simulations
with and without heat exchange in all of these contact regions, which
resulted in temperature and power output deviations around 0.6 % and
1.6 %, respectively, justifying this simplification. Detailed comparison
of the results will be presented in Section 3.2.

= 0, i.e. the temperature at the

2.3.2. Thermoelectric performance calculation

Solving the network model to calculate the temperatures, heat flows
and performance of the RTG is an iterative process, with the overall
workflow presented schematically in Fig. 5. As a starting condition, the
heat produced by the fuel is equally distributed in the two branches, i.e.
QTEM,I,, = QBy = quel /2 (step 1 in Fig. 5). Subsequently, moving from
the environmental temperature towards the RTG core and calculating
the outer surface radiation, i.e. Eq. (3) for hull and Eq. (4) for fins, and
inner component conduction, i.e. Eq. (1), the model calculates the inner
and outer surface temperature of each component, T;. This means that
QBy will determine the temperature at the outer surface of the aeroshell,
which is assumed equal to the hot-side temperature of the TEM, Ty,
while Qem_ow (assumed equal to Qey_in for the first iteration) will
determine the cold-side temperature of the TEM, T., completing step 2 of
Fig. 5.

From this point onwards, calculations transition from the system
level, i.e. from Qpgy_n flowing through the RTG components, to the TE
leg level with area-specific terms such as the heat flux, gi,m, the power
density, pjm, and the current density, jop:m, of the “m”-type leg. The
subscript “m” refers to the type of the TE leg, i.e. p or n-type. In addition,
all TE-related properties, i.e. thermal and electrical conductivity and
Seebeck coefficient, are now considered temperature-dependent,
expressed through 3rd-order polynomial functions and derived from
the experimental characterization of the utilized TEM (Fig. S1 of the
ESI). In case material properties beyond the experimentally-determined
temperature range are needed, these will be extrapolated.

The TEM’s ceramic layers and contact resistances cause a reduced
temperatures difference at the TE material, ATy, = Ty —T¢/, compared
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Fig. 5. Flowchart representing the iterative solution process of the network

model. The heat flows through the RTG components, Orgy_im, Qrem_ou and
QBy, determine the temperature profiles of the components (T;) as well as the
hot and cold side temperature of the TEM (step 2). Step 3 then calculates the
temperatures at the hot and cold side of the TE legs, T;, and T,, which act as the
base for the calculation of the temperature profile within the leg, T(x), (step 4),
and of the current density, jopt,m, and heat flux, q;,, (step 5), for each “m”-type
leg. The numbered circles showcase calculation steps and the arrows represent
the iterative process.

to the outer temperatures at the TEM, ATrgy = Tp —T¢:

(Th — TC)

T,-:Ti:F 2

L4 (1 - Vtherm) )
Eq. (7) considers this by introducing a correction term, Vierm =

W, whose magnitude depends on the relation between Fourier
PEWTE,

and Peltier heat and is in general different for p- and n-type legs,
therefore it is written here leg-specific in intensive quantities instead of
extensive quantities. wrg is the average area-specific thermal resistance

of the TE leg, obtained by temperature averaging of the thermal con-

ductivity, km, i.e. wig = lri;fg f (Km)’ldT. The calculation of the Peltier
factor, fpe =1 + 2T, /2, uses the temperature averaged figure of merit,
2Ty. The term W, = thousing/ (2 ® kai203) +Winwert T€presents the thermal
resistivity of the ceramic housing, with wi,s being the area-specific
interface thermal resistivity, assumed to be zero here. The calculation
of T, and T, from Eq. (7) completes step 3 of Fig. 5.

For an accurate estimation of the energy flows, material properties
and temperature distribution inside the TEM, the temperature profile
along the leg needs to be calculated using the thermoelectric heat bal-
ance equation [73,76]:

FT_ dkn (9T
Kmoxz 9T \ox

7jopt,m ° Taaai; % = 7.’-51,“" ®I'm (8)

Eq. (8) considers terms for Fourier, Thomson and Joule heat con-
tributions along the TE leg itself and it is solved through an iterative
process. The iterations are terminated when the root mean square dif-
ference of two subsequent T(x) profiles drops below a certain conver-
gence limit, ATcoqy. The term jo,.m refers to the optimal current density
for maximum power output, calculated from Eq. (9).

f;:’l am(T)dT

Joptm = m 9

Here a,(T) is the Seebeck coefficient and r,, is the area-specific
electrical resistivity of the “m”-type leg, while r. is the area-specific
electrical contact resistance, assumed equal to zero here. While a,(T)
is calculated through temperature integration, r,, is obtained by spatial
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averaging using the employed temperature profile, ie. r, =
fé“ ¢ p.(T(x) )dx, with p,, being the electrical resistivity of the TE ma-
terial. With the obtained temperature profile and current density, the

heat flux at the hot side of the leg can be calculated from Eq. (10):

dT
Ginm = Km(Th)a

72
+ (1 - W—v‘:‘“‘)japt.m can(Ty) o Ty 1/ or a0
x=0 m

Where x = 0 corresponds to the hot side of the TE leg. The third term
considers additional Joule heat from the electrical contact resistances
while the second accounts for the distribution of the generated Peltier
heat depending on the ratio of thermal interface resistance and leg
thermal resistance.

With the calculation of qj,,, within the iterative loop, the inner
temperatures of the TE leg, T, and T, can now be updated from
T, = Tnh —Qinm @ We and T, = T¢ + Qouem ® W, respectively, which allows
for more accurate predictions compared to Eq. (7) thus replacing the
values calculated from step 3. goum is calculated using Eq. (10) at the
cold side of the TE leg. However, as new T, and T, are calculated, they
are fed back into step 4 of Fig. 5 to re-calculate T(x) from Eq. (8), joptm
from Eq. (9) and g, m from Eq. (10) through an iterative loop. This loop
converges when a convergence criterion, Ajcony, is reached, which is
determined by the changes of j,;» between subsequent iterations. In
each step of this iterative process, the material properties, ap, ', and kp,
are constantly updated based on the new temperature profile.

After the convergence of the temperature profile and jop.m, the
generated power density, pj, of the “m”-type leg can be calculated from
Eq. (11), thus completing step 5 of Fig. 5.

T,
pj,m :jopt,m (/T am(T)dT_jopt,m L4 rm> (11)

c

The calculated j,,.m for the p- and n-type legs is then used to define

the area ratio of the TE legs, given by i:—‘n’ = j‘;it:, accounting for the fact

that all legs are connected electrically in series and hence the current is
fixed to a unique value for both leg types. The calculated g;,, and p; , for
the p- and n-type TE legs are multiplied by the respective cross-section
area of the legs and multiplied by the total number of thermocouples,
Tpairs, tO Teturn to the system level and estimate the total heat flow in the
TEMS, Qrevm, and the total power production of the RTG, Prgy, for
current Iope = Jjoptn ®An = Joptp ®Ap, as per Eq. (12) and (13),
respectively.

QTEM—In = (qin,n ° An + qu L4 Ap) L4 npairs (12)

PTEM = (pj,n L An +pj.p .Ap) ® Tpairs (13)

The calculated values of Qpgy_1, and Prgy are fed back into step 1 of
Fig. 5 and update QTEM—Out = QTEM—In —Prgy and QBy = quel 7Q'TEM—In in
the RTG system level, completing the iteration and acting as the initial
point of the subsequent iteration. This is the third and final iterative
process, which lasts until the difference in Qgy_1, between the current
and previous iteration reaches a certain convergence criterion, AQcony-
With the completion of the iterative steps the TE NM calculates the RTG
state, i.e. temperature profiles, Qi i, Qrem_oue and Prpy, When it is
operated at a current of I = joptn ® An = Joptp ® Ap. The operating
voltage of the RTG, assuming connection in series for all involved TEMs,
can be calculated from Vigy = Prgm/Iope. The NM is also able to produce
the P-I curve through the process described in Section 2.1 of the ESI,
calculating the RTG state for every current in-between the open-circuit
(0OC) and short-circuit (SC) current magnitude.

2.4. Optimization using a genetic algorithm (GA)

The described NM is able to accommodate various dimensions for the
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RTG components, calculate the temperature and heat flow within each
component and predict the RTG’s performance. As such, it forms the
basis to perform a design optimization study using a Genetic Algorithm
(GA) model [77]. During initialization, a large set of designs are created
using randomly generated values within a specified range for each
design parameter introduced in Sections 2.1 and 2.3. The parameters
and corresponding ranges considered can be seen in Table 2.

Parameters not listed in Table 2 were not involved in the design
optimization and are maintained constant or are interdependent.
Regarding the former, the ELHS parameters, Dam, ham, tg‘ew, eros Lelad
and tgeeve, kept their original values described in Section 2.1 to ensure
that in the optimized RTG geometry the safety protocols are adhered to.
Moreover, the wrgy and hrgy are also kept constant. Generally, it is
required for an efficient optimization that the number of variables is
reduced as much as possible, in particular, the parameter space should
not contain extraneous degrees of freedom. For the current RTG design,
we have observed that the optimization process tends to maximize the
cross-section area of the thermoelectric module. This is because larger
modules will reduce the available area for insulation hence reducing the
bypass losses. The observed dependence is weak and this simplification
could break down if radiation losses through the module are introduced
without any preventing measures; regardless, in the current version of
the model, this phenomenon is neglected. Consequently, we decided to
keep the module cross-section area fixed and maximized to begin with,
allowing only a small gap of 2.5 mm around the modules for thermal
insulation to be installed which will provide mechanical stability.

The generated designs, expressed by a list of the optimizable pa-
rameters, are simulated by the NM and are subsequently ranked based
on a fitness coefficient which is defined by the objective of the optimi-
zation. In this case, the goal is to maximize the specific power of the
RTG, i.e. Prgm/mrre. The best design of each generation is maintained
unmodified for the subsequent generation to prevent loss of perfor-
mance and ensure that the GA always moves towards higher specific
powers. The procedure of the GA is similar to what is described in
Hamdia et al. [78] and is outlined, together with the meta parameter
choice in the ESI. Besides the fitness coefficient, two additional key
criteria are considered during the evaluation step to prevent unrealistic
designs. These refer to the safe operating temperature of both the
cladding (1473 K) and the Bi;Tes TE material (523 K). If in a produced
design these values are exceeded, its fitness coefficient is automatically
set to zero.

2.5. Finite elements analysis (FEA) model

To validate the network model and ensure that the approach
considered produces reliable results, a 3D FEA model is employed for
comparison. The 3D geometry was produced with the tools provided by
ANSYS Workbench 2023 R1 version, specifically SpaceClaim for the
geometry generation and Mechanical for the mesh generation and TE
calculations. The dimensions of the ELHS and the material properties of
all RTG components are the same as those described in Sections 2.1 and
2.2. The remaining outer components, i.e. insulation, hull, TEM, support

Table 2

Parameters and value range considered for the design optimization study using
the GA. Note that the TE leg length, lrgeq, is coupled to the thickness of the
housing. Design parameters not listed here will have a fixed value or they are
dependent on other parameters.

Parameter Minimum value [mm] Maximum value [mm]
tins 5 25

thuil 2 5

toup 2 8

Lgin 50 300

tfin 2 5

thousing 1 6

lgap 1 5
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and fins, are set to the dimensions of the optimized geometry calculated
by the GA method described in Section 2.4.

Two FEA models are produced in this study. To achieve a direct
comparison, the first 3D model replicates the same thermal and TE
behavior as the NM by considering two independent heat transfer
branches with no heat exchange between them. This means that in the
FEA, heat transfer interfaces between the TEM and the insulation or hull
components, as well as those in-between the hull and the support plates,
are treated as perfect insulators. In the second 3D model, heat exchange
is enabled between the two previously independent thermal branches.
That means that perfect conduction, i.e. no interface resistance, is
enabled in the contact regions between a) the TEM ceramic and the
insulation at the hot side, b) the TEM ceramic and the hull at the cold
side, and c) the support and the hull. To be able to control the interface
heat exchanges in the two FEA cases, a non-conformal meshing strategy
is used, which allows for more interface freedom compared to a
conformal mesh, as in the latter specific interface control is not allowed.
Details about the meshing approach are outlined in the ESI. To reduce
the computational demands, the full 3D RTG volume was broken down
into a 1/3rd axisymmetric geometry, allowing it to maintain the heat
transfer symmetry present in the ESA RTG. A 1/3rd geometry is prob-
ably the smallest section that can be introduced, as slicing through the
TEM would require the electric interconnections to be re-designed,
which could introduce errors. As such, the final computational mesh
consists of 0.67 M elements and 1.71 M nodes. A cut-view section of the
1/3rd axisymmetric RTG, as well as of the mesh details are shown in
Fig. 6.

For the fuel pellets a volumetric heat generation on each pellet
corresponding to a total thermal output of 200 Wy-axisymmetric
equivalent of the whole system is defined. To define the electrical
boundary conditions on the TEM, the outer connections of the termi-
nating n- and p-type legs are set as ground and operating current,
respectively. These connections can be seen as I;, (n-leg — ground) and
Iy (p-leg — output) in Fig. 2a. Thermal radiation to the ambient envi-
ronment was defined at the outer hull surfaces as well as on all faces of
the fins, considering an environmental temperature of 220 K. Similar to

Element size:
RTG components: 5mm
Ceramic/Cu bridges: 1.4mm
TE legs: 0.63 mm

Fins: 1.4 mm

/]
i

Fig. 6. A cut-view section of the axisymmetric RTG mesh and a close-up view
of the TEM mesh used for FEA calculations. A non-conformal meshing strategy
was used, and two cases were studied, one where conductive heat exchange
between all connecting elements is enabled and one where heat exchange be-
tween the components of the TEM branch and the bypass branch is disabled,
with the latter following the methodology of the NM.
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the TE network model, the support is assumed to not radiate to the
environment. At this stage, no surface-to-surface radiation is considered,
which would account for radiative heat exchange between neighboring
RTG surfaces based on a view factor, i.e. the relative exposure between
the surfaces. Instead, outer surfaces are assumed to radiate fully to the
environment. For the solution process, a steady-state simulation is
considered, with convergence tolerance for heat flow, temperature,
voltage and current of 0.5 - 10°® in the respective SI unit.

3. Results and discussion
3.1. Genetic algorithm optimization results

The evolution of the specific power associated with the best design of
every generation can be studied to monitor the progress of the optimi-
zation and is displayed in Fig. 7, along with the respective power and
mass values. The dimensions of the optimized RTG geometry as well as
its performance, are presented in Table 3.

As seen in Fig. 7, the GA gradually improved the specific power,
starting with an initial value of 1.14 W/kg which increased to a value of
1.36 W/kg after 30 iterations. Then, small gradual improvements led to
the final value of 1.38 W/kg after 165 iterations. Past this point, the
fitness parameter reaches a plateau and no further modifications
happen, indicating that a global maximum has been reached. To better
interpret the optimization results, the power and mass variations along
the different generations are also displayed in Fig. 7. It is noteworthy
that the power output underwent rapid oscillations in the first 50 iter-
ations, until it reached a plateau with a maximum value of 14.67 W
which corresponded to a specific power of 1.36 W/kg due to a relatively
high system mass. Past this point, the GA made small incremental
changes to both power and mass, continuously increasing the specific
power by modifying the system component dimensions as seen in Fig. S5
of the ESI, until the maximum is identified. Here, to achieve the specific
power of 1.38 W/kg, an electrical power output of 13.86 W and an RTG
mass of 10.03 kg are estimated. This mass is distributed primarily along
the ELHS components, which account for ~72 % of the total mass as can
be seen in Fig. 8. The fins account for 13.4 % of the total mass, while the
hull contributes by 4.5 %. The TEM accounts for 4.7 % of the total mass,
with the ceramic and the copper bridges accounting for 31 % of the TEM
mass each, while the p and the n type legs account for 21 % and 17 %,
respectively. The remaining components account for around 2-3 % of
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Fig. 7. Evolution of the highest specific power, P/m, and the corresponding
electrical power output, P, and mass, m, of the RTG for each generation pro-
duced by the GA. The GA gradually improved the specific power over 300
generations, reaching a plateau after 165 iterations.
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Table 3

Optimized RTG design parameters, as well as TE performance characteristics.
“Fixed” refers to parameters whose value was kept constant during the GA
optimization while “dependent” refers to parameters whose final value depends
on their coupled parameters.

Parameter Value Unit
RTG design
Dam(fixed) 27 mm
ham (fixed) 35 mm
te1aq (fixed) 2 mm
tsjeeve (fixed) 1.5 mm
[{}m (fixed) 27.7 mm
ae,o (fixed) 16 mm
Lyero (fixed) 49 mm
Laero(fixed) 117 mm
haero (fixed) 113 mm
tins 9.8 mm
thunt 2 mm
tsup 6.5 mm
Isup(dependent) 31.3 mm
hsyp(dependent) 108 mm
Lein 279.7 mm
tin 2.8 mm
hg, (dependent) 136.6 mm
TEM design
wrewm (fixed) 44 mm
hrem(fixed) 108 mm
thousing 5.5 mm
Lgap 1.6 mm
It 1eg(dependent) 6.3 mm
Area p-leg 4.59 mm
Area n-leg 4.0 mm?
Total number of pn pairs 462 -
RTG performance
Electrical power output 13.86 w
Opt. current 0.66 A
Mass 10.03 kg
Specific power 1.38 W/kg
Voltage 20.94 \%
Energy conversion efficiency 6.9 % -
Qren-n/Qtuel 85.5 % -
Ty 522.1 K
Telad 548.3 K
TEM
Fins 4.7%
13.4%
Support
2.8% Am-241 fuel
Hull 25.6%
4.5%
Insulatlon
2.2%

Clad
Aeroshell 21.1%

25.6%

Fig. 8. Mass distribution of the optimized RTG components. The ELHS com-
ponents, i.e., 241Am, clad, sleeve and aeroshell, account for ~72 % of the total
RTG mass and their dimensions were kept fixed in this study to ensure the
safety protocols are adhered to.
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the total mass each. Interestingly, our calculations estimate a mass of
7.26 kg for the ELHS, while Mesalam et al. reported a mass of 6.85 kg
[24]. Even though our americium fuel pellets and aeroshell have the
same dimensions as those of the ESA RTG [12], this is a reasonable
deviation as data for the materials’ density, as well as the exact thick-
nesses of the clads and sleeves, have not been reported.

To understand the influence of each design parameter on the RTG
state, we need to examine them individually by changing their values
within the permitted range while keeping all other design parameters in
their optimized value, i.e. those presented in Table 3. However, the
operating current was re-optimized with the parameter change to ensure
that the RTG always operates at its maximum power. In several cases,
the operating temperature exceeded the 523 K limit at the TEM hot-
junction. For these cases, the TE properties were extrapolated using
3rd order polynomial equations. Examining only the influence of a
single parameters is not always possible as some are interlinked. For
example, changing the insulation thickness while keeping the housing
and hull thicknesses constant will also change the TE leg length, so the
observed influence will be a combination of both parameters. Since the
TE leg length is far more influential than the housing thickness both in
terms of temperature profiles and TE performance, we decided to keep
the former fixed and equal to 6.3 mm, i.e. equal to the leg length of the
optimized geometry. Consequently, the housing thickness will change
accordingly to the insulation thickness to always keep the TE leg length
fixed but also to keep the TEM physically connected to both ELHS and fin
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Fig. 9. Impact of insulation thickness on a) specific power, power output and
mass of the RTG and b) temperature on the hot and cold junction as well as on
the relative heat flow in the TEM. The shaded region represents the insulation
thickness where the safe operating temperature limit of the Bi,Tes TEM, i.e.
523 K, is exceeded.
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support. This influence is seen in Fig. 9, where t;;s changes from 6.5 to
12 mm while the housing thickness changes from 2.2 to 7.7 mm,
respectively. The shaded region in Fig. 9 represents the insulation
thickness where the maximum temperature for the safe operation of the
BisTes TEM, i.e. 523 K, is exceeded.

Increasing the insulation thickness from 6.5 mm to 12 mm increases
the specific power and power output by 0.03 W/kg and 1.15 W,
respectively, while the mass of the RTG increases by only 0.64 kg. There
are three factors that contribute to the mass increase. Firstly, thicker
insulation translates to a volume, and hence a mass increase. Secondly,
to keep a contact between the TEM and the support, the ceramic
thickness increases as here the TE leg length remains fixed. As the
ceramic housing consists of materials (Al;O3 and copper) which have a
density which is an order of magnitude higher compared to aerogel, as
per Table 1, a thickness increase also contributes to the system mass.
Thirdly, thicker insulation translates to an expanded RTG volume, thus
increasing the overall height of the RTG unit. The fin height is coupled to
the height of the RTG, hence it also increases, further contributing to the
overall mass increase. Similarly, power is affected by several effects. An
insulation thickness increase leads to an increase of the heat flowing
through the TEM, Qrgym_in / Qtuel, by ~4 %. Simultaneously, the core RTG
temperatures at the outer aeroshell surfaces, and thus Ty, are driven by
both the thermal resistance of the bypass branch and by QBy. The
increased thermal resistance of the bypass branch as the insulation
thickness increases counteracts the slightly reduced QBy fraction and
leads to higher ELHS core temperatures, as well as T, which increases by
9.2 K. On the TEM branch, T, reduces by 2.3 K despite the increased
Quev-mn (and thus Qrey_ou) due to the increased radiative surface area
and hence reduced thermal resistance of the fins. The increasing ATtgwm,
as well as the increased Qrgy_in, increase the power output of the RTG.
However, the power increase is smaller than the mass increase beyond a
certain insulation thickness, leading to the observed non-monotonous
behavior.

In contrast to the effect of the aerogel insulation, increasing the hull
thickness above 2 mm, which is the final value chosen by the GA, has a
detrimental effect on the specific power, as it increases the mass of the
RTG considerably without having a visible benefit on the power pro-
duction (not shown here). This is reasonable as the hull structure does
not offer any insulating effects due to the high thermal conductivity of
the utilized material. With those relationships now examined, it can be
understood that the GA chose to increase the insulation thickness as
much as possible while also restricting the hull thickness to its lowest
value, allowing the RTG to achieve the maximum possible specific
power without T exceeding the temperature limit.

The influence of the fin length, Lg,, on the specific power, power
output and mass of the RTG, as well as on Ty, T, and Qrgym_n / Qryer is seen
in Fig. 10. The fin dimensions drive their thermal resistance, which is a
combination of conduction resistance (increasing with fin length) and
radiation resistance (decreasing with fin length), and thus the temper-
ature distribution on the TEM branch. Increasing the fins’ length from 50
to 300 mm considerably reduces their thermal resistance, while the
components of the bypass branch kept their original dimensions and
hence their original thermal resistance, directing more heat towards the
TEM branch by ~6 %. As QBy is reduced and the thermal resistance of
the bypass branch is kept constant, T, reduces. Simultaneously, the
increased radiative surface area of the fins cools down the RTG more
efficiently, resulting in T, reducing at longer fin lengths. T, reduces more
rapidly compared to Ty, hence ATrgy increases and, together with the
increased Qrpv_m, the power output increases as well. However, the
benefit of increasing fin length on the power output and on the specific
power diminishes as the fin length increases due to the increasing con-
duction resistance and the decreasing effectiveness of radiative heat
transfer with decreasing temperature. Furthermore, the mass increases
significantly with increasing fin length. Conclusively, while long fins are
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Fig. 10. Impact of fin length on a) specific power, power output and mass of
the RTG and b) temperature on the hot and cold junction as well as relative heat
flow in the TEM. The shaded region represents the fin length where the safe
operating temperature limit of the BiTez TEM, i.e. 523 K, is exceeded.

necessary to reduce the inner RTG temperatures down to the point
where the RTG can be safely operated, a further increase leads to a
decrease in the specific power due to the stronger impact on mass
compared to power.

The influence of the fin thickness as it changes from 2 to 5 mm is seen
in Fig. S6. Increasing the fin thickness has a negative influence on the
specific power, decreasing it by 0.1 W/kg, as the RTG mass increases
considerably by 1.44 kg without a similar beneficial increase in the
power output, which increases by 0.93 W. Consequently, the GA kept the
fin thickness low, equal to 2.8 mm, to reduce the system mass while
maintaining Ty, below its maximum limit. The support thickness, seen in
Fig. S7, presents similar trends in all parameters as those produced by
the fin length parameter, but at a much smaller magnitude. As the
support’s thickness increases from 2 to 8 mm, the specific power in-
creases by 0.03 W/kg, reaching a maximum at a thickness of 5 mm
which then drops, while the power output and the mass of the system
both increase by 0.61 W and 0.26 kg, respectively.

The geometry of the TEM plays a predominant role on the RTG
performance. The TEM is characterized by the TE leg length and by the
fill factor. To test the influence of the leg length, the housing thickness
was changed from 0.5 to 7 mm while the remaining parameters
remained equal to those of the optimized geometry from Table 3. This
corresponds to a leg length of 11.3 to 4.8 mm, respectively, and its in-
fluence is presented in Fig. 11.

Increasing the TE leg length from 4.8 to 11.3 mm increases the

thermal resistance of the TEM branch thus reducing QTEM,IH/quel by
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operating temperature limit of the Bi;Tez TEM, i.e. 523 K, is exceeded.

~7.6 %. On the other hand, the temperature difference across the legs is
increased, with Ty increasing by 127 K and T, decreasing by ~11 K at
longer lengths. The increase in the bypass heat is responsible for an
overall hotter RTG core, hence the increase in Tj,, while simultaneously a
smaller Qrey_in (and thus a smaller Qgm_ou) reduces the magnitude of
T,. Because of the increase in the temperature difference across the legs,
the power output and specific power are increased by 5.1 W and 0.53 W/
kg, respectively, with the influence of the TE leg length on the mass
being negligible and equal to 0.16 kg. For further increasing leg length
beyond the limits investigated here, eventually a decrease in the power
output is expected because of the reduced Qpgp_rn, thus the optimum leg
length is determined by the balance between ATrgy and Qrpy_i. A
further trade-off might arise from thermomechanical stresses that are
not taken into account in the current model. Thermomechanical stresses
are generated at every stage of development of TE materials for space
applications, such as fabrication, launch and operation [79,80]. They
are caused by different coefficients of thermal expansion in the various
components that make up the TEM, by launch vibrations and by
compressive loads within the RTG housing [79-83]. The leg length and
shape introduce multiple trade-offs regarding their temperature profiles,
performance and thermomechanical strength which need to be taken
into account holistically [84-87].

Similarly, changing Ly, from 1 to 4.5 mm reduces the number of pn
pairs from 714 to 144, corresponding to a fill factor of 43 % and 8.7 %,
respectively. This correlation is presented in Fig. S8 of the ESI. We note
that the p and n legs retained their cross-section area from Table 3 as the
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temperature dependence of the optimal cross-section ratio is usually
small, as can be seen in Fig. S9 of the ESI. The influence of the fill factor
on the RTG performance is presented in Fig. 12.

Reducing the fill factor from 43 % to 8.7 % by correspondingly
increasing the gap between legs from 1 to 4.5 mm, considerably reduces
the heat passing through the TEM by ~17 %, while also vastly increasing
Ty by 277.5 K. Simultaneously, T, decreases by ~22 K. This increase in
ATrgy increases the power output by 4.2 W and the specific power by
0.46 W/kg, with the reduction of the number of pn pairs from 714 to 144
reducing the RTG mass by 0.35 kg. This small modification in the system
mass is reasonable as the TEM accounts for 4.7 % of the total RTG mass
as per Fig. 8. Interestingly, both the power output and the specific power
present an approximately parabolic profile, with a maximum at a fill
factor around 15-12 % (gap between 3-3.5 mm, respectively), which is
subsequently decreased at lower fill factors. This corresponds to an
adjustment of the thermal resistance of the module with respect to the
other elements in this path of the NM: small gaps and high fill factor
correspond to large Quem_m but small ATy and hence small power,
while on the contrary very low fill factors lead inevitably to small
Qe (due to the reduced TEM area covered by the thermocouples)
and hence small power, despite the large ATrgy. This is referred to as the
thermal load matching effect, an important optimization factor in TE
devices [88]. With the RTG being a closed system, any changes to the
design or the boundary conditions in one branch will have a cascade
effect in the whole system. Consequently, the increase of the thermal
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resistance across the TEM branch will inevitably divert more heat to-
wards the bypass branch, leading to a hotter RTG core but also to lower
Quem_1n available for power production. The rapid increase in Tj, with
the reduction in the fill factor quickly drives the TEM temperatures
above the safe limits, leading the GA to restrict the fill factor to ~28 %, i.
e. gap between the legs of 1.6 mm.

Within the investigated parameter range, the TE leg length, the fill
factor and the fin length are the first, second and third most influential
parameters, in terms of specific power, respectively. This ranks the TEM
as the most critical component out of those studied here for RTG per-
formance, with the fin design being the second most critical component.
The latter is further highlighted by the strong impact of the fin thickness,
which negatively influences the RTG performance due to its effect on the
system mass. Comparatively, the insulation thickness has a smaller in-
fluence on the RTG performance, as it primarily increases Qppy_1, and
Tp. Ranking these parameters based on their impact on the specific
power can act as a guideline for future RTG design studies.

Our parametric analysis investigated the leg length and fill factor
separately to understand their individual impact. However, in the GA,
these parameters are optimized simultaneously as they determine the
trade-offs between high Qqgy_1, and ATrgy, and hence power output,
while maintaining safe operating temperatures. Both parameters have a
strong influence on the thermal resistance of the TEM, which is pro-
portional to the leg length and inversely proportional to the fill factor. A
thermal resistance increase will increase ATtgy but will, at the same
time, increase QBy, hence there is an optimum thermal resistance for a
given RTG system. Thus, for an individual TE module (without consid-
ering interface resistances), there are infinite combinations of leg length
and fill factor that give the same power output. With respect to the RTG,
where the specific power is the optimization target, we find a weak
dependence on the ratio of the leg length with the fill factor, ltge/FF,
presumably mainly due to the interplay of the masses of the TE materials
(which increase with increasing leg length but constant Ige,/FF) and
ceramic housing/copper bridges that decrease, resulting in a leg length
of 6.3 mm and a fill factor of ~28 %. However, if further effects or
boundary conditions are introduced, e.g. electrical contact resistances,
radiative bypass through the module, thermomechanical stress or re-
quirements on voltage output, then leg length and fill factor might be
decoupled and their optimization results can be largely different.

With the optimized RTG configuration, the model predicts that 171
Wi, or ~86 % of the total radioisotope heat, passes through the TEM
branch. The temperature at the hot TEM junction reaches 522.1 K, close
to the allowed maximum temperature, while the temperature at the cold
junction is 336.6 K. Simultaneously, the temperature of the clads is
equal to 548.3 K, far below the 1473 K limit mentioned by Ambrosi et al.
[12]. With a specific power of 1.38 W/kg, the optimized RTG reaches an
electrical power output of almost 13.9 W with an estimated mass of
10.03 kg. This results in a conversion efficiency of 6.93 % for the 200
W, generated by the fuel. The ESA RTG design investigated by Ambrosi
etal. [12] aimed to achieve a specific power of 1 W/kg with 10 W and a
5 % conversion efficiency, with their experimental results with a com-
mercial Bi;Tes module showcasing a power output between 9.1-9.3 Wy,
a system level efficiency of 4.55-4.65 % and a specific power of ~0.99
W/kg. Conclusively, the predicted performance of our optimized RTG
exceeds the ESA RTG specifications by far. Part of the explanation is the
performed design optimization, which resulted in an increased overall
size and particularly longer fin lengths: the diameter (measured from the
end of opposite fins) of the optimized RTG is 767 mm, while the design
by Ambrosi et al. [12] had a diameter of 523 mm. The lack of data for the
ESA RTG regarding material specifications, component dimensions,
interface resistances and modelling assumptions due to confidentiality
reasons, makes it difficult to directly compare our results. Any com-
parisons between our models and the experimental RTG data will be
based on a large number of not well-justified assumptions on various
aspects of the RTG design. Consequently, any resemblance of our data
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with the experiments will be purely coincidental, thus offering no value
in terms of validation. Once more data on the ESA RTG becomes
available, e.g. after it has been flight tested, then this can be used to
verify and improve our model’s accuracy. Some insight can be gained by
including the purely thermal FEA simulations performed by Ambrosi et
al. [12] which showed that 75 % of total radioisotope heat passed
through the TEM [12]. Drawing direct comparisons between their
thermal simulations and our TE simulations, which indicate an
approximate thermal efficiency of 86 %, would lead to misleading
conclusions, since, as discussed in the next section, TE effects strongly
influence the temperature and heat flux distributions. However, we have
also run our NM at OC conditions, completely neglecting all TE phe-
nomena. Our OC simulations indicate a thermal efficiency of ~81 %,
which is a considerable increase over the 75 % thermal efficiency re-
ported by Ambrosi et al. [12]. Two further points need to be taken into
account in that comparison: first that the thermal boundary conditions
are not exactly the same (they are not clearly defined in the work from
Ambrosi et al. [12]) and second that our NM neglects a few loss mech-
anisms (electrical interface resistances, radiation through the TEM, etc.)
which will inevitably reduce the performance to a small extent.

3.2. Model validation with FEA results

To validate the accuracy of the NM, it is compared with our two 3D
FEA axisymmetric models utilizing the optimized geometry of Table 3.
In the FEA models, the temperatures of the various components were
calculated as surface-averaged temperatures (at the outer, cold surface),
with the exception of the fuel pellet where the core temperature in the
center of the pellet is compared. In addition, the P(I) curves of the
models were calculated and compared. The decoupled FEA case, where
the TEM and bypass branches are thermally decoupled, i.e. replicating
the NM approach, is labelled simply as “3D”, while the FEA case where
heat exchange is enabled between the two branches is labelled as “3D
HEx”. The temperature comparison for all components at the current for
maximum power, 0.66 A, is presented in Fig. 13a, while the comparison
of the P-I curve is presented in Fig. 13b. The performance of the RTG
when operated at the current for maximum power, as calculated from
the NM and the 3D models, is presented in Table 4. The voltage pre-
dicted by the models as a function of current, as well as the temperatures
at the hot and cold junction, are presented in Fig. S10.

When comparing the NM with the “3D” case at the current for
maximum power, Fig. 13a, all temperature predictions are very close,
with an average error of 1.1 %. The largest error is observed in the
prediction of the temperature at the fuel core, i.e. in the center of the fuel
pellets, where the network model predicts 2.3 % higher temperatures
compared to the 3D. As described in Egs. (5) and (6), the network model
solves the Fourier heat transfer equation coupled with heat generation.
These equations, however, do not account for the heat flowing at the top
and bottom of the Am pellet and we account for this approximately by
reducing the portion of the total heat flowing through the surface by
introducing the geometry factor, agr, hence neglecting the vertical
temperature gradient. The small magnitudes of the deviations in the
predictions of the two models are further confirmed by the temperature
profiles across the fin length, shown in Fig. S11, which are almost
identical. By examining the “3D HEX” case, we can see that practically
all inner temperatures until the outer aeroshell surface and the hot TEM
surface are identical to those predicted by the “3D” case, hence pre-
senting the same small differences compared to the NM. The differences
start from the cold TEM side and moving outwards, with the components
of the TEM branch, i.e. cold TEM side, support and fins (Fig. S11), being

the warmest and the components in the bypass branch, i.e. insulation
and hull, being the coldest in the “3D HEx” case. Due to the larger area
and larger emissivity of the fins compared to the hull, a significant
fraction of the heat that corresponds in the decoupled case to QBy flows
through the cold ceramic of the TEM and the support towards the fins,
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Fig. 13. Comparison of a) average temperatures at the outer surfaces of the
RTG components and at the core of the fuel pellet, for an RTG operating at the
optimum current for maximum power, and b) P-I curve of the network model
(NM) and 3D models. Two 3D FEA models are considered, the “3D” case, which
decouples the TEM and bypass branches, thus replicating the NM approach, and
the “3D HEX” case, where heat exchange between the two branches is enabled.
The NM showcases an average error of 1.1% and 1.6% at the temperature
profiles with respect to the “3D” and “3D HEX” cases, respectively, achieving an
excellent accuracy. Similar accuracy can be observed across all ten current
values (and hence RTG states) calculated to generate the P-I curve and all
models agree on the peak of the P-I curve and thus on the optimum current.

Table 4

Performance of the RTG when operated at the current for maximum power
output, as calculated by the network model and the two 3D models. By
comparing the NM with the “3D” case, it can be concluded that the geometrical
simplifications made by the NM introduce minor errors in the TE performance
compared to the 3D FEA model. By comparing the NM with the “3D HEx” FEA
model, we can see that Qgy_ou, Which corresponds here to the heat flowing
into the fins, is now higher, as heat moves from the hull through the support and
towards the fins.

Network model 3D 3D HEx

Orsvomm 170.9 W, 171.5 Wy, (0.3 %) 171 Wy, (0.0 %)
Ot 157.3 Wy 157.4 Wep (0.2 %) 162.1 Wy, (3.1 %)
Qny 29.1 W, 28.7 Wy (1.3 %) 29 Wy, (0.2 %)
Prem 13.9 Wy 14 We (1.1 %) 13.8 W (0.5 %)
- 6.9 % 7.0 % (1.4 %) 6.9 % (0.5 %)
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hence increasing the temperatures of these components but decreasing
the temperature of the insulation and the hull. This effect also takes
place in the hot side, however because there the temperatures between
the two branches are much closer, its magnitude is much weaker. For
ease of comparison, we have added this heat flow between the branches
t0 Qrem_out, Which corresponds to the heat flowing into the fins (iden-
tical to the heat flowing out of the TEM in the decoupled case),
increasing it by ~5 Wy, as seen in Table 4. The temperature in-
homogeneities at the hot and cold TEM junctions, predicted by the “3D”
and “3D HEx” cases are presented in Fig. S12 and S13 of the ESI,
respectively. These temperature inhomogeneities are in the order of 2-3
K for both cases, justifying the assumption to approach them as a ho-
mogeneous temperature in the NM.

When the RTG performance is investigated, Table 4, a similarly low
deviation is observed. Specifically, the network model has a 0.3 % de-
viation with respect to the heat passing through the TEM, and a 1.1 %
deviation in the predicted power generation compared to the “3D” case.
Compared to the “3D HEX” case, the NM has an even smaller error at
Qrem_mn, power output and efficiency and a slightly larger error, equal to
3.1 %, at Qrpm_our- All three models also achieve excellent agreement
across the entire P-I curve, Fig. 13b, with the “3D” case overall pre-
dicting a slightly higher electrical power output and the “3D HEx” case
predicting a slightly lower power output compared to the NM, because
of the reduced ATrgy from the heat exchange. Similar conclusions can
be reached by examining the voltage, T, and T, parameters as a function
of the current, Fig. S10. The NM and “3D” models show a good agree-
ment in all three profiles. The largest deviations can be observed at the
smallest, <0.25 A, and largest currents, >1.2 A, but even in these cases
the differences in the power production do not exceed 0.6 W. However,
while the “3D HEx” case has an almost identical T}, profile with the “3D”
and NM cases, its T, deviates from the profiles of the other two cases. As
will be discussed later, smaller currents are associated with a larger QBy
and thus a larger portion of this heat flowing to the cold TEM side,
locally increasing T.. At higher currents, the T, predicted by the “3D
HEx” case is lower than those predicted by the NM and “3D” cases
(Fig. S10c). Interestingly, because of a larger Qren_n for higher currents,
T, is higher than the local hull temperature at the interface, and now
heat moves from the ceramic towards the hull. Subsequently, as the
outer support surface and fins are at a lower temperature than the outer
hull surface, a portion of this heat then flows towards the fins. It should
also be noted that P(I) can be well approximated by a parabola, with
NM, “3D” and “3D HEx” cases all having an R? value of 1, 0.99 and 0.99,
respectively. While when operating a TEM at a constant T, and T, an
almost perfectly quadratic behavior is expected and observed with
changing current, one should note that in the RTG system Tj, and T,
change significantly as a function of current, as per Fig. S10, so a
quadratic dependence is not necessarily expected. While the 3D FEA
results in Fig. 13 validate the NM for 10 different operating currents, it is
also important to verify the agreement between NM and FEA for ge-
ometries away from the optimum to ensure that the optimization by the
GA works correctly. For this, we performed a parametric study around
the GA-produced optimum with our de-coupled FEA model, i.e. the “3D”
case, where the fin length changed from 50 to 300 mm, i.e. following the
results from Fig. 10. The FEA and NM comparative results for power
output, Quem_mm, Th and T, are presented in Fig. S14 of the ESI. It can be
seen that the FEA yields the same trends for all four parameters with
relative differences < 1.5 %, further reinforcing that our NM correctly
captures the FEA behavior. As the influence of heat exchange between
the two branches has been quantified, all discussions henceforth will
compare the NM with the “3D” case because of their identical approach
to the branch coupling, hence allowing us to estimate in-depth the errors
observed in the NM results.

Understanding the reason for these differences is key for model
improvement. Therefore, the NM and “3D” models’ results at I = 0 have
been examined, because in this condition all TE phenomena are

15

Energy Conversion and Management: X 28 (2025) 101395

neglected and the influence of the methodological approach, as well as
of the geometric differences between the two models, can become
apparent. At I = 0, the network model predicts both a lower T, and a
lower T, by 2.3 and 1.5 K, respectively, compared to the 3D model. This
translates into a ATtgm of 255.8 K and 255 K for the 3D and NM,
respectively. However, ATy, which drives the TE performance, is
determined by the influence of the TEM housing (ceramic and copper
connections). The 3D model considers the ceramic layer and the copper
connections separately. The latter have a higher thermal conductivity
but a reduced surface area, dependent on the fill factor of the TE legs,
thus introducing a constriction effect on local heat transfer. On the other
hand, in the network model, only a single combined resistor is consid-
ered with the thermal conductivity of the ceramic, the area of the TEM
and a thickness corresponding to the sum of Cu and ceramic. As a result,
a different temperature change is introduced by the TEM housing be-
tween the two models. Specifically, ATy, is equal to ~253.9 K and
~252.7 K for the 3D and NM, respectively, corresponding to a temper-
ature change of 0.95 K (3D) and 1.15 K (NM) in each side of the ceramic,
which explains the higher voltage prediction of the 3D model seen in
Fig. S10a.

Beyond the influence of the ceramic on the inner TEM temperatures,
when a current is introduced in the 3D model, the copper bridges
generate heat due to the Joule effect which introduces a small local heat
source in the 3D model which is not taken into account in the NM. In
addition, because of the temperature-dependency of copper’s electrical
resistivity, Fig. S2 in the ESI, the Joule heating in the hot side will be
stronger than that at the cold side, thus raising T, more than T, and
further increasing ATqg,. The influence of the ceramic and the copper
result in the 3D model having an overall higher electrical power output
and voltage prediction than the NM. However, as can be seen in Fig. S15,
the total Joule heat is much smaller compared to the Fourier and Peltier
heat flows, thus the effect from the Joule heating of the Cu bridges is
presumably small.

The agreement between the two models also reinforces the potential
of the NM to be used as an analysis tool to interpret the various TE terms
involved in the operation of the RTG. Both models agree on the tem-
perature changes in the hot and cold TEM junction as the current
changes, Fig. S10. Specifically, due to the absorbed Peltier heat, pro-
portional to the current, Tj(I) follows a linear drop as current increases
while T,(I) reaches a minimum at a current of around 0.5 A and in-
creases afterwards. Both temperatures are directly related to the
respective heat flow at the hot and cold junctions, Qg and Qrem—outs
respectively, and their association with the electrical power output. This
coupling is presented in Fig. S15a of the ESI. Because of the linear in-
crease in Qrey_in (I) and the parabolic profile of Prgy(I) as current in-
creases, Qrav_out (I ) presents an initial drop to a minimum at a current of
around 0.5 A, followed by a subsequent increase. As temperatures in all
components past the TEM cold side are driven by Qrgm_ou(I), this cor-
responds to the minimum observed in T.(I) for the same current.
Simultaneously, both the Peltier and the Joule terms contributions keep
increasing at higher currents while the Fourier term keeps decreasing.
Specifically, at the hot TEM side, Peltier contribution exceeds the
Fourier contribution at a current slightly above 1 A while the Joule term
is considerably smaller compared to the other two terms, as seen in
Fig. S15b. For the TEM’s cold side, Fig. S15c, a similar behavior is
observed, however, here the Peltier term does not reach the Fourier term
even at the highest currents considered.

It is not only the excellent accuracy of the NM with respect to the 3D
model results that makes it a valuable tool but also the considerable gain
in the computational resources. These are presented in Table 5, which
shows the computational resources to run the GA optimization, as well
as to simulate the optimized RTG geometry with the NM and 3D model
(single case). The NM and GA cases were simulated on a 13th Generation
Intel® i7 processor with 1.7 GHz and 16 Gb of RAM, while the 3D FEA
case was simulated on 36 Intel® Xeon® processors with 3.0 GHz,
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Table 5

Computational resource demands for the calculations performed by the different
models. Within the 3.2 sec, the NM calculates four RTG states to derive the
optimum current, which makes it three orders of magnitude faster compared to
the 3D FEA model which calculates a single RTG case in 826 sec.

Computational RAM File size
time
NM — GA optimiz. 21h 11.9 Gb 580 Mb
NM - single case 3.17 sec 0.2 Gb 1.4 MB
3D FEA - single case 826 sec 28 Gb 580 Mb

utilizing 512 Gb of RAM. We note that the “3D HEx” case had similar but
slightly higher computational resource demands as the “3D” case.

The computational resources are vastly different. The NM requires
on average 260 times less computational time for a single geometry,
compared to the 3D model. However, it should furthermore be noted
that within a single NM run the RTG performance for four operating
currents is calculated (three to produce the P(I) curve and determine the
optimum operating current for the fourth, optimized RTG state).
Instead, the 3D single case doesn’t contain the current variation and is
operated directly at the optimum current calculated by the NM, essen-
tially making the NM three orders of magnitude faster. Moreover, the
NM utilizes 140 times less RAM and 414 times less storage size, making
it easier to handle and to store data in a normal personal computer. On
the contrary, the 3D case requires a dedicated workstation to solve and
to process. Because of the stark reduction in the computational resources
achieved by the NM, utilization of the GA becomes possible. With the
need to solve 70 k cases during its optimization task, coupling of the GA
with the NM becomes the only reasonable approach as a coupling with
the 3D FEA model would make the computational costs prohibitively
expensive.

The above comparison between the two models clearly showcases
that the geometrical simplifications of the NM, which represents the
RTG structure as a serial-parallel TE network, introduce minor de-
viations in the results. Moreover, we also showcased the differences
introduced when heat exchange is enabled between the two thermal
branches and found only minor differences in the temperature profiles
and power output, further justifying that our NM, despite its simplifi-
cations and lack of the heat exchange terms, is not far from reality. The
overall low error of the NM in the temperature profiles and the TE
performance with the “3D” case of around 1.1 %, coupled with three
orders of magnitude reduction in the computational time, gives evidence
that this approach could be highly valuable, acting as a solid foundation
to further refine the NM to better represent reality and allow for more
realistic case studies. Utilizing the same assumptions and operating re-
gimes in our NM and “3D” models enabled us to analyze in-depth dif-
ferences introduced by translating the complex, truncated-triangle 3D
ESA RTG geometry into a one-dimensional model. Here, we presented
and validated our tools in an ideal scenario, with no interface resistances
or degradation phenomena. Subsequent steps to bring the NM closer to
reality would be to introduce a thermal coupling between the two
branches, a thermal bypass within the TEM (either radiative or
conductive if thermal insulation within the TE module is considered),
introduce support radiation and introduce interface resistances, both
thermal (within the TE module but also between different components
of the RTG) and electrical (within the TEM). Heat exchange between the
two here separate paths can be considered by including additional re-
sistances in the NM and modify the heat balance equations by adding
coupling terms. The exchanged heat will depend on the temperature
differences and the thermal resistance of the path, which in turn depends
on the geometry of the coupling elements, their thermal conductivities
as well as the interface characteristics, i.e. area and thermal resistance,
with the latter to be determined experimentally. If those are known, the
system can be solved similarly as done now.

While validation with experimental data is key in any paper focusing
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on model development, RTG literature has a lot of sensitive information
which creates similar challenges as faced here for the ESA RTG. On the
Chinese Chang’E-4 RTG [39], researchers try to validate their FEA
model with laboratory experiments, however details about the cooling
flow loop used at the fins during the experiments to represent ambient
conditions were not disclosed, leading the researchers to make several
assumptions for the operating boundary conditions [39]. For NASA’s
RTGs, while NASA-related researchers have been able to benchmark
their models [36,37], results and details about their model setup are not
made publicly available, as it consists of over 200 parameters most of
which are mission specific [89], leading independent researchers to a
number of assumptions to setup their models [7,40]. As such, while
RTG-specific data are expected to remain sensitive, alternative experi-
mental setups, such as electrical analogues to test TEM degradation
[34], or mechanical analogues to simulate the high-frequency vibrations
expected during launch [90], are expected to fill the missing data gap.
Introducing further phenomena and experimental parameters in our
models, based on experimental campaign data, to increase physical ac-
curacy will shift the predicted power output of the optimized RTG
showcased here. For example, support radiation will enhance RTG
cooling and hence performance, while thermal and electrical contact
resistances, thermal bypass in-between the TE legs, and view factors at
the fins will all reduce performance. Estimating the magnitude of these
changes can help re-design the RTG to mitigate them. In addition, by
comparing the “3D” and “3D HEX” results, it can be seen that allowing
heat exchange at the cold TEM interface with the insulation/hull re-
duces ATrgv and thus power output for the considered case. Hence,
studying where thermal decoupling is beneficial would guide further
optimization of the RTG.

In this study, optimization focused on maximizing the specific power
of the RTG, along with restrictions on the temperature at the TEM’s hot
side and at the fuel cladding. Coupling of the GA with the NM allows the
rapid re-optimization of the RTG geometry based on various mission-
relevant scenarios. This is possible by accommodating further criteria
that can arise from RTG handling and utilization, as will be the case
during the establishment of a lunar base. An example of a scenario that
could be examined in the future is the variation of the environmental
temperature on the lunar surface during the lunar day-night cycle,
which was assumed constant here. With the surface temperature ranging
between 100 K (lunar night) and 400 K (lunar day) [8], the power output
of the RTG, as well as its inner temperatures, could deviate significantly
from the results seen here, potentially increasing the core temperatures
beyond safe operating limits. To evaluate this, future studies will
investigate the magnitude of the influence of the environmental tem-
perature on the TE performance, as well as the risk of overheating. With
the lunar day-night cycle lasting ~28 Earth days, investigating different
environmental temperatures in a quasi-steady-state-approach as feasible
by the presented approach is a reasonable strategy. The influence of
solar irradiation on exposed RTG surfaces could be another key phe-
nomenon. Solar exposure for the extended duration of the lunar day
could overheat some RTG components (in particular the TEM), accel-
erating degradation. Such phenomena could introduce additional re-
strictions on RTG design, requiring re-optimization, shading strategies,
as proposed by [37] and [8], or the selection of alternative materials or
of coatings, which can easily be done with our method. All these effects
would require a more detailed implementation of radiation on the outer
RTG surface (surface-to-surface radiation, view factors, etc.) to correctly
represent an RTG operation on the lunar surface. Approximately, these
effects can be captured in the NM by considering e.g. effective view
factors for the fins and/or splitting the two currently used branches into
multiple with the addition of heat source terms in some of them, rep-
resenting the inhomogeneous exposure of the outer RTG surface,
determined by the incident angle of the sun. On the other hand,
radiation-related phenomena can be introduced accurately in the FEA
model, taking advantage of its 3D and ray-tracing capabilities. The
coupling of the FEA model with our NM creates a framework that could
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analyze the RTG behavior in-depth for various mission scenarios and
propose adjustments or re-optimization. A further point to consider are
degradation phenomena of the RTG, which are key considering missions
that deploy RTGs have an expected duration of > 15 years. Conse-
quently, optimization of RTGs should not only focus on beginning-of-life
performance, but also on end-of-design-life (EODL) or on the lifetime
performance. Our tools could be used to estimate the influence of
various phenomena that would alter the heat distribution within the
RTG, as well as phenomena associated with degradation. For example,
reducing the heat generation of the 2! Am pellets could approximate the
radioactivity loss from the isotope’s half-life. By reducing the materials’
TE properties or by increasing the thermal and electrical resistances,
based on available experimental data, the TEM degradation could be
approximated.

Another key aspect of the RTG utilization is its operating voltage.
NASA’s MMRTG can accommodate a voltage range in-between 22-36 V
[36], however it is ideally designed to operate at 28 V. This is the voltage
chosen for the two Mars rovers operation [91,92], as well as the voltage
that the upcoming Lunar rover, Volatiles Investigating Polar Exploration
Rover (VIPER), would operate at if a radioisotope power system is
chosen as its power source [93]. In our investigation, we did not
consider a criterion for the operating voltage. As such, the optimized
RTG, when operated at its optimum current for maximum power, has a
voltage of 21 V. The user of the RTG can choose to operate it at a
different voltage level, according to the electrical resistance of the
connected load. However, it becomes apparent from Fig. S10 that
changing the voltage level changes the TEM’s hot side temperature
dramatically. Specifically, T, changes by ~116 K (NM prediction) or
119 K (3D model prediction) as voltage changes from its OC value to its
SC value. From Fig. S10 it can be understood that higher voltages
correspond to lower currents and reduced Joule and Peltier heating,
leading to reduced Qpy_1n and higher Ty. This explains the observation
of Whiting et al. where higher operating voltages led to elevated internal
temperatures on the MMRTG [37]. Consequently, depending on the
application of the technology, the user needs to consider how the RTG’s
operating regime will affect the T;, magnitude and whether it will exceed
the TEM’s safe operating temperatures. In addition, the RTG studied
here is a single unit with a power output of ~14 Wg,. Stacking multiple
units together to increase the power output would require adjustment of
the system voltage. DC-DC converters could be employed, although such
an approach could introduce risks as they will increase the system mass,
reduce the efficiency and add system complexity. Our results also agree
with the conclusion reached by Liu et al. [40] who identified that during
transport, keeping the RTG at short-circuit mode is preferable as T}, is
minimized thus preventing damage to the TE modules.

Alternative TEM could also be investigated. The Stirling-based power
system of Mesalam et al. [24] which uses four ELHS instead of the one
considered here was estimated to nominally produce 216 W, with a
specific power of 1.96 W/kg and a thermal-to-electricity conversion
efficiency of 28 %. However, the temperature at their hot junction was at
973 K, which is almost double the temperature considered for BisTes.
Our model can be used to adapt the RTG design to utilize novel TEM
with higher operating temperatures, such as Half-Heusler (750 K),
Skutterudites (873 K) or SiGe (1273 K), which could potentially match
the specific power of the Stirling-based power system. This could be
highly beneficial as the reliability, longevity and relative simplicity in
operation of the RTGs could allow them to fill technological gaps that
Stirling-based systems might be unsuitable for, thus the two technolo-
gies could co-exist in a future space economy.

Regardless of the application scenario, our developed tools are
suitable to investigate and re-optimize the RTG. Expanding the GA
optimization to introduce additional constraints, inspired by stake-
holder requirements or for specific missions, can easily be done. The
flexibility and applicability of our models allow them to guide RTG
design for any mission scenario, accelerating its TRL and advancing its
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status for deployment.
4. Conclusions

NASA has a long history of deploying Radioisotope Thermoelectric
Generators (RTGs) to power their missions where solar availability is
scarce, such as the Voyager probes or the Curiosity rover. During such
missions, RTGs have proven their reliability and longevity. Simulta-
neously, ESA is currently funding the development of its own 200 W;,-10
Wel RTG unit. RTGs consist of a multitude of functionally interlinked
components. In its core, multi-layer containment measures are used to
prevent fuel leakage. Thermoelectric modules, placed in contact with
the RTG core, are responsible for electrical power output and should
thus be designed to maximize their performance. Thermal insulation,
surrounding the free areas of the RTG core, aim to drive the majority of
the heat through the thermoelectric modules. Optimizing the RTG
design and maximizing its specific power is a complex multi-disciplinary
challenge and requires multi-parametric design tools, capable of in-
depth investigations of all design parameters.

Here we present a thermoelectric network model, coupled with a
genetic algorithm tool, which simulates the RTG as two independent
heat transfer branches. Using an iterative process, the model then cal-
culates the heat flowing through the thermoelectric module, responsible
for power generation, and through the bypass branch, which accounts
for heat losses through the insulation. Based on the heat flow in these
two branches, the temperature difference across each RTG component
can be calculated, necessary to evaluate the thermoelectric perfor-
mance. A design optimization performed by the genetic algorithm
maximized the specific power of the RTG while maintaining the
component temperatures within safe operating limits. The optimized
RTG is estimated to have a specific power of 1.38 W/kg, with an elec-
trical power output of 13.9 W and a conversion efficiency of 6.9 %, a
considerable increase over the pre-defined ESA specifications of 10 Wy,
1 W/kg and a conversion efficiency of 5 %. Comparison of our model
with a 3D Finite Element Analysis model showed an excellent accuracy
with an average error of around 1.1 % and with considerably reduced
computational resources. Our tools can be used for further optimization
studies to accelerate the technology readiness level of RTGs for ESA,
preparing them for mission deployments.
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