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ABSTRACT

The quest for developing clean, quiet, and portable high energy density, and ultra-compact power sources con-
tinues. Although batteries offer a well known solution, limits on the chemistry developed to date constrain the
energy density to 0.2 kWh/kg, whereas many hydrocarbon fuels have energy densities closer to 13 kWh/kg.
The fundamental challenge remains: how efficiently and robustly can these widely available chemical fuels be
converted into electricity in a millimeter to centimeter scale systems? Here we explore two promising technologies
for high energy density power generators: thermophotovoltaics (TPV) and thermoelectrics (TE). These heat to
electricity conversion processes are appealing because they are fully static leading to quiet and robust operation,
allow for multifuel operation due to the ease of generating heat, and offer high power densities. We will present
some previous work done in the TPV and TE fields. In addition we will outline the common technological
barriers facing both approaches, as well as outline the main differences. Performance for state of the art research
generators will be compared as well as projections for future practically achievable systems. A viable TPV or TE
power source for a ten watt for one week mission can be built from a >10% efficient device which is achievable
with current state of the art technology such as photonic crystals or advanced TE materials.
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1. INTRODUCTION

The ongoing proliferation of power intensive remote sensors, mobile systems, and portable devices has driven the
development of increasingly compact, energy dense power sources. Rechargeable batteries represent a mature
technology capable of providing energy densities of up to 100-300 Wh/kg, whereas hydrocarbon fuels have energy
densities approaching 13 kWh/kg while promising rapid refueling. Thus, a generator with an efficiency of only
a few percent will have the same energy density as the best lithium ion batteries. To this end, researchers
have explored several possible energy conversion routes for providing next-generation portable power including
mechanical heat engines, fuel cells, thermoelectrics, and thermophotovoltaics.! This work provides an overview
of two thermal conversion processes: thermophotovoltaics and thermoelectrics, depicted schematically in Fig. 1.
These heat to electricity conversion processes are appealing because they are fully static leading to quiet and
robust operation, allow for multifuel operation due to the ease of generating heat, and offer high power densities.

Thermophotovoltaics (TPVs) is the conversion of heat to electricity by the thermal emission of photons and
their subsequent absorption and conversion to electricity by infrared photovoltaic cells (TPV cells). The key
challenge in designing a TPV system is matching the radiated spectrum to the conversion range of the TPV
cells. Emission and absorption spectra can be seen in Fig. 2a. This may be accomplished with photonic crystals
(PhCs), multilayer stacks, certain metals or rare earth elements, or with a filter on the cells. Because TPV
systems rely on thermal radiation, the hot side tends to be around 800 to 1100°C although some systems run as
high as 1500°C. The high temperatures make system engineering difficult primarily due to material stresses and
degradation. Continued operation at high temperatures limits the emitter material to high temperature ceramics
and low vapor pressure refractory metals to prevent evaporation and redeposition on the cells. Metallic PhCs
offer tunable highly selective emission but rely on a nanostructured surface that can degrade under prolonged
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Figure 1: Schematic representations of TPV (a) and TE (b) devices.

Table 1: Experimental results in literature.

Technology Temperature Efficiency FElectric power Power density Note Ref.
TE 115°C 1.5% 110 mW 70 mW/cm?  extrapolated 9
TE 130°C 2.4% 300 mW 65 mW/cm? 10
TE 270°C 2.5% 6 W 300 mW /cm? 11
TE 582°C 2.4% 100 W 88 mW /cm? large system 12
TPV 740°C 1.6% 220 mW 110 mW/cm?  pure oxygen 13
TPV 800°C 2.3% 344 mW 170 mW/cm?  pure oxygen 13
TPV 1000°C 1.9% 13 W 300 mVV/CIm2 14
TPV 1427°C 4.0% 50 W 100 mW/cm?  preheated air 15

operation at high temperatures. Recently, a thermal barrier coating was demonstrated to protect a Tantalum
(Ta) PhC from degradation due to surface diffusion and surface contamination.?

Thermoelectrics (TEs) convert heat to electricity by the thermal diffusion of charge carriers. The key challenge
is engineering the TE materials themselves. The materials must have the conflicting properties of high electrical
conductivity and low thermal conductivity. This is achieved by creating a complex crystallographic unit cell or
through nanostructuring. Typical materials are Bi,Te; or alloys of Sb,Te; and Bi,Se, for temperatures up to 200-
300°C, PbTe, TAGS, and skutterudites for medium temperatures up to 600°C, and SiGe for high temperatures up
to 1000°C.% A commonly used figure of merit for thermoelectric materials is 2T = o?T/pr where « is the Seebeck
coefficient, p is the electrical resistivity, x is thermal conductivity, and T is the temperature. Typical material
zT values are shown in Fig. 2b. Higher temperatures can lead to improved performance but stress materials and
make system engineering more difficult. High thermal conductivity joints between the heterogeneous materials
comprising the TE stack (the n- and p-type TE materials, electrical interconnects, electrical isolation, and
the heat source), thermal isolation, and thermal expansion mismatches make device integration difficult.® >
Additionally, the thermoelectric materials themselves are susceptible to oxidation and sublimation.%” For high
temperatures, segmented TEs may be used to maximize device performance over then entire temperature range.®

Low temperature TE systems have been built around propane- or butane-air MEMS microburners and Bi,Teg
thermoelectrics.!% 11 A larger, medium temperature system was also built using PbTe/ZnSb themoelectrics.'?
One TPV system used propane-oxygen combustion in a silicon MEMS microburner to heat an integrated sil-
icon/silicon dioxide multilayer selective emitter which was tuned to match the InGaAsSb (2.3 pm bandgap)
cells.!® The system was limited to 2.3% efficiency because material incompatibilities prevented operation above
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Figure 2: Data used for both TPV (a) and TE (b) models.'*:20"23 The spectra in (a) are at 1000°C.

800°C.16 A larger TPV system used propane-air combustion to heat a dielectric coated platinum emitter matched
to GaSb cells, for an efficiency of 1.9%.14 A large-scale TPV system (50 W) was built using a rare earth doped
ceramic emitter matched to silicon cells.!> These systems are summarized in Table 1.

Harnessing the high energy density of hydrocarbon fuels on a millimeter scale is not easy. The systems
described in Table 1 which could be considered portable are all around 2-3% efficient. Those system efficiencies
are not high enough to warrant the added cost and complexity versus a battery. Furthermore, many of the
systems have glaring impracticalities such as the use of hydrogen or oxygen or balance of plant omissions such as
chilled water cooling systems or externally preheated combustion air. Is there something fundamentally wrong
with these thermal conversion processes? Modeling work indicates that the poor performance is not fundamental.
In this work we predict 12% device efficiency, and other predict even higher.!”'® The shortcomings in the system
demonstrations are twofold: the systems do not incorporate the best materials and latest technologies that tend
to be cited when modeling, and are not optimized on a system level due to practical constrains on fabrication
and availability of specialized materials.!!> 13

In the following sections, we will model state of the art TPV and TE devices. Based on those results, we will
optimize TPV and TE systems consisting of a burner, TPV or TE device, and heat sink. The system models will
be used to compare the performance of state of the art TPV and TE generators against those that are achievable
today and lithium batteries.

2. THERMOPHOTOVOLTAIC MODEL

For the TPV system, we analyzed an emitter-cell pair separated by a small vacuum gap as shown in Fig. 1(a).
The emitter has a wavelength dependent emissivity €.(\) and is at temperature T},. The total heat flux into the
emitter, @)y, can be found by integrating the radiated spectrum. Furthermore, the spectrum incident on the cell
can be found by a detailed energy balance of optical cavity consisting of an emitter and TPV cell:

Fe,
ep
(1= pe)(1 = peF?) = pepe
where e, (A, T},) is the blackbody spectrum of an emitter at temperature T}, p is reflectance, and € is emittance.
The subscripts refer to the components of the system: e for emitter and c for cell.?* In the derivation, it is

assumed that the emitter is the only component that radiates and that all reflections and emissions are purely
diffuse. F' is the geometric view factor between the emitter and the cell.

(/\vTh)a (1)

The photocurrent generated in the cell can be found by

A
I =<F [ 2 aaOne(ar )
0 C
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Figure 3: Thermal and electrical equivalent circuit models for a thermoelectric system.

where ¢.;()) is the radiated power per unit wavelength incident on the cell, he/) is the photon energy, ng(\)
is the external quantum efficiency, and e is the electron charge. The TPV cell itself was modeled with a single
diode equivalent circuit model with temperature dependent parameters. The circuit model is described by

_ V + IR,
Rsh ’

I=1,—1I (eXp {nkZT (V + IRS)} - 1)

(3)

where I and V are the terminal current and voltage, ¢/kgT, is the thermal voltage, I, is the photocurrent, Iy
is the diode dark current, n is the diode ideality factor, and R, and R, are the shunt and series resistances.?’
The electrical power output of the cell is taken at the maximum power point.

The heat flux out the heat sink, @Q., is the total radiant heat reaching the cell less the electrical power output.
It is assumed that the heat sink adds a thermal resistance ©¢ between the junction temperature, 7., and the
ambient temperature, T... The junction temperature is used in modeling the electrical properties of the TPV
cell.?0

The peak efficiency for a InGaAsSb?%26 TPV device is around 6% for a greybody emitter and around 12%
for a PhC emitter?!:22 at nearly 1200°C (for both). We assume a heat sink thermal resistance of O¢ = 2 °C/W
between the InGaAsSb cells and the T,. = 20°C ambient. The spectral properties of the emitters and cells
are shown in Fig. 2a. Further improvements to the Ta PhC-InGaAsSb device efficiency are relatively simply
accomplished by reducing long wavelength radiation or incorporating a filter onto the cell side to recycle the long
wavelength radiation.'”

3. THERMOELECTRIC MODEL

We analyzed the thermoelectric pair shown in Fig. 1(b). The n- and p-legs have Seebeck coefficient «, electrical
resistivity p, and thermal conductivity k. The device has a total Seebeck coefficient, thermal conductivity, and
electrical resistivity of

a=op—ay (4)

K—Iﬁ:n%+ﬁp% (5)
l l

R=png- ™ (6)

where the material propertie(a, p, and k) of the individual legs are denoted with n and p subscripts.?” 28 Thus,
the figure of merit for the entire device is ZT = o?T /KR (upper case Z is used for devices, lower case z is
used for materials). Furthermore, the material properties («, p, k) are temperature dependent. In a device, the
temperature varies along the length of the leg, meaning that the material properties also vary. The true device
properties should be found by integrating along the length of the leg. Alternatively, the device properties can
be approximated by using an effective temperature.

If one side of the TE device is heated and the other is cooled, an open circuit voltage V' = (T}, —T.) develops
at the terminals, where Ty, and T, are the hot and cold side temperatures. The heat flux into and out of a TE
device is the sum of the Peltier effect, Joule heating, and thermal conduction,

Qn=—aTpI +1*R/2 — K(T), — T.) (7)
Qe =aT.I +1*R/2 + K(T), — T,). (8)
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Table 2: TE and TPV systems designs to supply 10 W for 168 hours. Li-ion battery is shown for comparison.

TE: SiGe TPV: Ta PhC TE: BiyTeq TPV: greybody Li-ion
Burner temperature Tp,;,  870°C 1130°C 210°C 1180°C
Cold side temperature T, 110°C 58°C 65°C 95°C
System efficiency 6.1% 5.6% 4.6% 2.4%
Device efficiency 9.9% 11.6% 4.9% 5.3%
Device power density 610 mW/cm? 790 mW/cm? 120 mW/cm? 940 mW /cm?
Fuel mass 2100 g 2300 g 2800 g 5400 g
Device mass 270 g 12 g 270 g 10g
Heat sink mass 140 g 320 g 440 g 390 g
System mass 2500 g 2600 g 3500 g 5800 g 12000 g

System energy density 660 Whr/kg 630 Whr/kg 470 Whr/kg 270 Whr/kg 140 Whr /kg

where I is the current at the terminals of the device.?”2® The thermal circuit is shown in Fig. 3. The circuit
includes two additional thermal resistances © y which represents the thermal resistance between the heat source
and the TE legs (bus bars, electrical insulation, etc.) and ©¢ which represents primarily the heat sink. From
an electrical perspective, the equivalent circuit is shown in Fig. 3. We assume that the load resistance is equal
to R to maximize electrical power output.

Additionally, the legs have areas A, and A, which sum to 1 cm? and a common length . The length and
areas were numerically optimized to maximize the product of the power density and efficiency. When the device
is optimized according to the above criterion, the peak efficiency for a Bi,Te; device is a little over 6% at a hot
side temperature of around 300°C. Peak efficiency for a SiGe device is 9% at a hot side temperature of 800°C.
Once again, we assume a heat sink thermal resistance of ©c = 2 °C/W between the cold side of the TE and the
T.. = 20°C ambient.

4. SYSTEM MODEL

We have modeled TPV and TE device performance but we are actually interested in the performance of a
complete system capable of supplying a given electrical power for a given amount of time, in this case ten watts
for one week. The system is defined as the fuel, the TPV or TE device, and a naturally cooled heat sink. The
figure of merit used to evaluate the system is the system energy density which is a composite of (1) the efficiency
which determines the fuel mass, (2) the power density which determines the device mass, and (3) the temperature
dependence of efficiency and power density which determines the heat sink mass. The optimal system design
depends on the specific mission. For example, a larger heat sink lowers the cold side temperature which increases
efficiency. On a long mission, it would be better to carry a big heat sink and less fuel. On a short mission, it
would be better to carry a small heat sink and more fuel.

The TE or TPV device is modeled as described in the previous sections. For each technology, we modeled
two devices, one based on readily available materials and one based on state of the art materials, shown in Fig. 2.
For TPV, we used InGaAsSb cells?> 26 and both an € = 0.7 greybody emitter and the latest Ta PhC emitter.?! 22
For TE, we used both low temperature Bi,Te;'! and high temperature SiGe.?*> We included the mass of the
device to prevent the optimization code from increasing efficiency at the expense of power density. We assume
that density of a TE device is 3 g/cm® and the volume is calculated from the active area dimensions and leg
lengths. The density of the TPV device is taken to be 1 g/cm?2.1316

The burner converts the caloric content of the fuel to heat. The fuel is burned with a stoichiometric amount
of air that has been preheated to half the hot side temperature, to simulate the effect of a recuperator. The heat
carried out by the exhaust is the only heat loss included in the model except those inherent to the device. We
assume that the fuel has a heating value of 46 MJ/kg which covers propane, butane, gasoline, JP-8, and most
other hydrocarbons.

The heat sink rejects heat from the cold side of the device to the ambient, and is cooled with natural
convection, where its thermal conductivity is assumed to scale with mass according to a power law. The size of
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the heat sink influences device efficiency by changing the cold side temperature. For TE, T, appears directly in
the device model. For TPV, T, affects the TPV cell properties. We could have added another dimension to the
problem by allowing for active cooling.?’

All four designs were optimized numerically with total mass as the figure of merit. The TPV systems had
hot side temperature and heat sink size as the free parameters. The TE systems had hot side temperature, heat
sink size, and leg dimensions as free parameters. The optimization results are shown in Table 2.

We modeled two TPV systems: one with a greybody emitter and InGaAsSb cells and a second with a Ta
PhC emitter and InGaAsSb cells. The greybody system has a relatively low energy density due primarily to the
spectral low efficiency. The low spectral efficiency also causes a large amount of waste heat in the cells, requiring
a large heat sink. The PhC system has 2.5 times the energy density because (1) the PhC reduces heat loss
from the emitter, (2) the PhC’s emission approaches blackbody at short wavelengths which improves the power
density, and (3) the reduced long wavelength emission reduces the amount of waste heat that must be removed
from the cell.

We modeled two TE systems: one with a SiGe device and on with Bi,Te;. The Bi,Te; system outperforms
the greybody TPV system despite lower device performance. The TPV device runs much hotter than the TE
device, resulting in a much larger heat loss out the exhaust of the burner. The performance of the SiGe system
is on par with the PhC TPV system, despite the device efficiency being lower. The reason, once again, is that
the TE system operates at a lower temperature and has small heat loss from the burner.

In the system model, we only included the device, fuel, and heat sink in the system mass and ignored the fuel
tank, device packaging, recuperator, interconnects, housings, and balance of plant components. The fuel tank
could add 10% of the weight of the fuel for liquid fuels and more weight for propane/butane. The recuperator
weight was not included in this work but could become important in comparing TPV and TE, especially Bi,Te;,
due to the different temperatures. The mass of balance of plant components (pumps, fans, etc.) can easily be
50 g. Thus, the system weight could be perhaps 20% higher when these necessary components are included.
Nevertheless, the top TPV and TE systems would be around the 500 Whr/kg mark, still double that of primary
batteries and more than 3 times better than rechargeables.

5. CONCLUSION

This work provided an overview of two thermal conversion processes, TPV and TE, as potential next generation
portable power sources that could harness the high energy density of hydrocarbon fuels. These heat to elec-
tricity conversion processes are appealing because they are fully static leading to quiet and robust operation,
allow for multifuel operation due to the ease of generating heat, and offer high power densities. We developed
semi-analytic system level models for both TPV and TE. From the system models, we conclude that a viable
TPV or TE power source for a ten watt for one week mission can be built from a >10% efficient device. Fortu-
nately, that is achievable with current state of the art technology such as PhCs or advanced TE materials. Of
course demonstrating an energy density of 600-700 Whr/kg experimentally would be a considerable engineering
challenge. The device and the heat sink are 10-20% of the total system mass and are oftentimes overlooked on
a device level where efficiency is the sole figure of merit. Device weight is determined by the power density.
Heat sink weight is determined by the device’s ability to maintain efficiency at elevated cold side temperatures.
Additionally, a hotter hot side temperature oftentimes enables a higher device efficiency but not necessarily a
higher system efficiency due to increased heat loss. We suspect that some of these challenges may be relatively
easy ways to improve system efficiency compared to research on individual components.
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