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Enabling efficient heat-to-electricity generation at
the mesoscale†

Walker R. Chan, *a Veronika Stelmakh, ab Michael Ghebrebrhan,c

Marin Soljačić,d John D. Joannopoulosad and Ivan Čelanovića

We present a technology that efficiently harnesses the energy content

of hydrocarbon fuels in a volume that is only a fraction of a cubic inch.

A propane-fueled microcombustor heats a photonic crystal emitter to

incandescence and the resulting spectrally-confined thermal radiation

drives low-bandgap PV cells to generate electricity. We overcome the

technical challenges that are currently limiting thermophotovoltaics

in the following ways: we develop new fabrication processes; we

adopt high-temperature alloys to improve the thermo-mechanical

stability; we adopt commercial polycrystalline tantalum to fabricate

large-area photonic crystals; and finally, we develop a passivation

coating for improved thermo-chemical stability. We demonstrate

unprecedented heat-to-electricity efficiencies exceeding 4%, greater

than the 2–3% efficiencies that were previously thought to be the

practical limit, and we predict that over 12% efficiency is achievable

with only engineering optimization. For reference, a 1.5% efficiency

corresponds to the energy density of lithium ion batteries. This work

opens new opportunities to free portable electronics, robots, and

small drones from the constraints of bulky power sources.

Introduction

In this paper, we present a technology that generates watts of
electricity from a heat input that is similar to that of a lighter,
in a volume that is only a fraction of a cubic inch. We attain
unprecedented efficiencies, exceeding 4% in a mesoscale form
factor, where previous heat-to-electricity system efficiencies
of 2–3% were thought to be the practical limit.1–4 Moreover,
we show computationally that a 12.6% efficiency should be
achievable with only engineering optimization and no further

scientific breakthroughs. In our system, a propane-fueled
microcombustor heats a photonic crystal emitter to incandescence
and the resulting tailored thermal radiation drives low-bandgap
photovoltaic (PV) cells to generate electricity. We overcome current
bottlenecks by employing new high-temperature material systems,
processing, and fabrication techniques, accomplishing record
efficiencies in the heat-to-electricity conversion. At these small
scales, batteries are the only currently available energy source
and they are already close to their theoretical limit.5 In contrast,
hydrocarbon fuels have 60 times the energy density of batteries
(a 1.5% fuel-to-electricity conversion efficiency corresponds to
the energy density of lithium ion batteries), and therefore they
promise order-of-magnitude increases in their energy storage
and conversion. Thus, harnessing the energy content of hydro-
carbon fuels on the mesoscale should pave the way for trans-
formative increases in portable power generation. Mesoscale
generators aim to fill the gap between batteries and conventional
mechanical generators, where energy demand is burgeoning.

Unconventional and fundamentally different energy conver-
sion methods are required at the mesoscale because the vastly
different length scales compared to those of conventional gene-
rators result in different geometric scaling (e.g., surface area
to volume ratio) and different phenomenological behaviors
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Broader context
At small scales (o100 W), batteries are the only currently available energy
source and are already close to their theoretical limit; in contrast,
hydrocarbon fuels have 60 times the energy density (a 1.5% fuel-to-
electricity conversion efficiency corresponds to the energy density of
lithium ion batteries). Thus, harnessing the energy content of hydrocarbon
fuels on the mesoscale should pave the way to transformative increases
in portable power generation. Mesoscale generators aim to fill the gap
between batteries and conventional mechanical generators, where energy
demand is burgeoning. Mesoscale fuel-to-electricity conversion is challenging
because the vastly different length scales compared to those of conven-
tional generators result in different geometric scaling and different
phenomenological behaviors. Micro-mechanical heat engines, fuel cells,
thermoelectrics, and thermophotovoltaics are actively being applied.
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(e.g., laminar and turbulent flow). Micro-mechanical heat engines,6,7

fuel cells,8,9 and thermoelectrics3,4 are actively being applied.
Indeed, solid oxide fuel cells have demonstrated efficiencies of
45–60% in 10–220 kWe systems,10 but face numerous challenges
in their miniaturization including thermal and mechanical
stability, fuel utilization, and the auxiliary and support systems.
In our research, we chose to work within the heat-to-electricity
framework of thermophotovoltaic (TPV) energy conversion,
as shown in Fig. 1A. Our choice was dictated by the following
points: TPV devices have no moving parts and thus do not
suffer from increased frictional losses arising from miniaturi-
zation; the high-temperature continuous combustion process
enables TPV devices to efficiently process fuel at the mesoscale
and be more readily adapted to chemically impure fuel sources
such as biofuels; and the physical separation of the thermal
and electrical circuits greatly simplifies engineering efforts.
Previous work introduced the basic principles for potential
improvements in TPV devices2 that included the key compo-
nents: a microcombustor,11 a photonic crystal,12–16 and PV
cells.17–19 Nevertheless, several fundamental challenges severely
limited the feasibility of a practical system. These challenges
include the high-temperature thermo-mechanical stability arising
from heterogeneous material systems; the integration of the
microcombustor and photonic crystal emitter as well as the
limited optical performance of those emitters that are capable
of being integrated; the high-temperature thermo-chemical
stability of refractory metals; and a lack of large-area wafer-quality
refractory metal substrates. This work overcomes these challenges.

Specifically, we develop fabrication processes to integrate the
microcombustor and photonic crystal; we adopt high-temperature
alloys for the dramatically improved thermo-mechanical stability
of the microcombustor; we adopt commercial polycrystalline
tantalum to fabricate large-area wafer-quality substrates for the
high-temperature photonic crystal; and finally, we develop a
passivation coating for the improved high-temperature thermo-
chemical stability of the photonic crystal materials.

Experimental

With the advances in photonic crystals and metamaterials
coinciding with the advances in low-bandgap III–V PV cells,
a high efficiency is possible because a large overlap of emission
and absorption spectra occurs at readily achievable temperatures
of 1000–1200 1C, as shown in Fig. 1B. Photonic crystals offer near
blackbody emission resulting from cavity resonances at the desired
wavelengths and near zero emission elsewhere due the low loss of
the substrate materials. Their emission spectra are primarily
determined by their geometry rather than by their specific material
properties, allowing the cutoff wavelength to be tuned to match
the bandgap of the PV cell. Our 2D photonic crystal, which is
composed of a square array of cylindrical cavities, as shown in the
inset of Fig. 1B, addresses the challenges of large-area fabrication
and integration, good optical performance, and high-temperature
stability.20 In this work, polycrystalline tantalum was used for its
machinability, its fast etch rate and good etch selectivity, and the
availability of high purity and high metallurgical quality sub-
strates. Our simple fabrication method of interference lithography
and deep reactive ion etching enables a uniform, large area
(50 mm in diameter) to be reliably patterned. To integrate the
photonic crystal with the microcombustor, we adopted the indus-
trial process of diffusion brazing. The full fabrication process,
including the substrate preparation and microcombustor integra-
tion, is described in the ESI.† Our photonic crystal is resistant to
physical degradation because of its simple geometry, with a large
radius of curvature, and the refractory metal substrate, with a high
melting point and low vapor pressure, limiting atomic mobility.
Additionally, it is resistant to chemical degradation, such as
tantalum carbide formation, because of a conformal hafnium
dioxide passivation layer. We have annealed samples for over
100 hours at 900 1C with no degradation in their structure or
optical performance.

The experimental demonstration of the integrated TPV
system required the design and fabrication of a microcombustor
(described in the ESI†) as well as the experimental apparatus
shown in Fig. 2A and B. For these experiments, we used pure
oxygen in the combustion reaction to emulate exhaust recupera-
tion, which is required in a portable, air-breathing system. Propane
and oxygen entered the microcombustor through the inlet tubes,
flowed through an internal serpentine channel where they reacted
on the catalyst-coated walls (5% platinum on porous alumina),
and exited though the outlet tube.11 Heat was conducted through
the channel walls to the photonic crystal emitters bonded to
the top and bottom surfaces of the microcombustor, as shown

Fig. 1 (A) In the TPV energy conversion process, fuel and oxygen react in
a microcombustor to generate heat, which brings a photonic crystal
emitter to incandescence. The resulting spectrally-confined thermal radia-
tion drives a low bandgap PV cell to generate electricity. (B) Simulated
spectral radiance at 1000 1C normal to the surface of the photonic crystal
and a blackbody are plotted. The photonic crystal’s emission spectrum is
engineered to primarily fall below the bandgap of the PV cell, and this
in-band radiation, highlighted in red, is converted to electricity. Inset: The
photonic crystal is composed of a square array of cylindrical cavities, and
its cutoff wavelength can be tuned by varying the radius, r, period, a, and
depth, d.
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in Fig. 2C and D. The photonic crystal emitted spectrally-confined
thermal radiation that matched that of the InGaAs cells
(Eg = 2.0 mm) mounted below the assembly.19 The experiment
was housed in a custom vacuum chamber to suppress convection
and prevent the degradation of the photonic crystal by reaction
with air. A window was used in place of the top set of cells.

To ignite it, the microcombustor was heated to approximately
400 1C with a halogen lamp through the window. Above that
temperature, the propane kinetics over the catalyst were suffi-
cient for autothermal operation, and the halogen lamp was shut
off. Propane flows, corresponding to a total latent heat input of
20–100 W, were increased in small increments while maintaining
an oxygen flow of 7.5 times that of propane (in an equivalence ratio
of f = 1.5), and the steady-state electrical output at the maximum
power point was measured. We characterized both a micro-
combustor with and without a photonic crystal emitter. For the
microcombustor without the photonic crystal, the bare Inconel
surface was oxidized by air until it was visibly black (emissivity
of e E 0.8) and it was then used as the emitter. The electrical
measurements are shown in Fig. 3B, which is scaled for a full
set of cells. We measured a 4.3% fuel-to-electricity conversion
efficiency with the photonic crystal emitter and 1.5% with the
oxidized Inconel emitter, for a fuel input of 100 W.

Discussion

We modeled the microcombustor with a custom heat transfer
code incorporating the radiation from the front and back

emitters and the edges of the microcombustor, the conduction
through the support tubes, and the heat carried out by the hot
exhaust gases. The hemispherically-averaged emissivity for the
photonic crystal structure was computed using the Fourier modal
method, a freely available software package,21 in which the optical
dispersion was captured with a Lorentz–Drude model fitted to
unstructured tantalum. The simulated and measured normal-
incidence emissivities, plotted in Fig. 3A, agree well. Then, we
used ray optics to accurately incorporate multiple scattering
effects between the emitter and the PV cell, assuming purely
diffuse emission and reflection.22 The PV cell was modeled using
a single diode equivalent circuit methodology.23 The microcom-
bustor temperature, which is assumed to be uniform, was solved
self-consistently. The simulated electrical power output and
temperatures are shown in Fig. 3B; the shaded regions indicate
the possible ranges of the experimental parameters, primarily
the emissivity of the edges of the microcombustor.

We used the model to study the heat flows within the TPV
systems with the photonic crystal and oxidized Inconel emitters,
as shown in Table 1. Surprisingly, the in-band radiation increased

Fig. 2 (A) A photograph of the experimental setup during operation,
where a diffraction pattern is visible on the photonic crystal from the ambient
light. (B) A cutaway drawing of the experimental setup with labeled compo-
nents. (C) A cross section of the microcombustor with unstructured tantalum
substituted for the photonic crystal. (D) An optical micrograph of the corner
of the Inconel microcombustor, with the diffusion brazed joint between
the Inconel and tantalum visible. (E) A scanning electron micrograph of the
surface of the photonic crystal.

Fig. 3 (A) Measured and simulated at room temperature, the normal
incidence emissivity of the photonic crystal. (B) The measured and simu-
lated electrical power output as a function of fuel flow. The points are
the experimental results. The lines and shaded bands are the simulation
results, with the bands indicating a range of uncertain parameters. The
simulated temperatures are indicated. Note that the filled photonic crystal
(green line) has an electrical power output of 12.6 W at 100 W of fuel flow
(not shown).
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nearly three times in the case of the photonic crystal even
though its hemispherically- and wavelength-averaged in-band
emissivity was lower (e = 0.59 compared to e = 0.8). Because the
photonic crystal suppressed the out-of-band radiation, the tem-
perature increased by approximately 200 1C, resulting in increased
thermal radiation. From a practical point of view, the low out-of-
band emissivity allows for a simpler system design without the
need for photon recycling via a cold side filter placed between the
emitter and PV cell,24–26 a difficult approach because of the wide
range of angles and wavelengths that need to be filtered with high
selectivity and low loss. Moreover, because of the photonic
crystal’s high in-band emissivity, electricity generation can com-
pete favorably with other heat loss mechanisms and a readily
achievable emitter temperature of 1000 1C should provide greater
than 500 mW cm�2 of cell area output. These factors are
important in portable systems, as the low out-of-band emissivity
minimizes the waste heat generated by the PV cell, and thus the
heat sink size, and the high in-band emissivity minimizes the
active area required for a specified electrical output as well as
increasing efficiency.

Because the simulation identified two improvements that
can reduce heat loss, we recognize that the efficiency can be
improved beyond what was demonstrated experimentally in the
photonic crystal system. Although an experimental demonstra-
tion of these improvements is beyond the scope of our present
efforts, we can estimate their effects with our custom multi-
physics simulation code. The first improvement is lower emis-
sivity microcombustor edges. The edges are not only a significant
portion of the total surface area but also radiate a disproportional
amount when the photonic crystal suppresses the out-of-band
radiation. If the emissivity of the edges can be decreased from the
current value (e = 0.55) to that of polished tantalum (e = 0.15),
a given temperature can be reached with a smaller fuel flow. We
simulated this system using the same code but changed the value
of the edge emissivity, predicting a fuel-to-electricity efficiency of
7.6% at 100 W of fuel input. The second improvement is the
higher in-band emissivity of the photonic crystal, which can

proportionally decrease the heat loss from the microcombustor
edges and other microcombustor heat loss mechanisms. Although
at a normal incidence the photonic crystal has near blackbody
in-band emissivity, the wavelength-averaged in-band emissivity
is only e = 0.59 when averaged over all of the angles. By filling
the cavities with a dielectric material, hafnium dioxide, we
can increase the hemispherical in-band emissivity via several
mechanisms: the physical and optical dimensions of the cavity
are decoupled, allowing us to decrease the period and move the
onset of diffraction well below the wavelength range of interest,
even at oblique angles; and the optical density of states is increased
and additional resonant peaks are created, further increasing
the in-band emission. However, filling the cavities does slightly
increase the out-of-band emissivity because the dielectric material
increases the admittance of the cavities (approximated as wave-
guides) and hence the overall admittance of the effective medium
(approximated as an area-weighted average between the flat
surface and the cavity). Nevertheless, the simulations indicate
that the resulting filled photonic crystal has omnidirectional
thermal emission with an in-band emissivity of e = 0.92 while
still having a low out-of-band emissivity of e = 0.16.27 The
higher in-band emissivity results in a larger electrical output
for a given temperature. Again, we used the same simulation
code, but with a filled-cavity photonic crystal in addition to low
emissivity edges, to calculate the electrical output as a function
of fuel flow, as shown in Fig. 3B, and the heat balance, as
shown in Table 1. We predict a fuel-to-electricity efficiency of
12.6% at 100 W of fuel input, which is several times higher than
that of the heat-to-electricity conversion methods that have
been previously reported.

Conclusions

Such high energy density, multi-fuel powered, compact gene-
rators would free portable electronics, robots, and small drones
from the constraints of bulky power sources. An even higher
fuel-to-electricity efficiency is possible because there is room
before the thermodynamic limit of TPV is reached.28 One
performance milestone can be achieved by improving the PV
cell performance. State-of-the-art silicon solar PV cells operate
at 85% of the Shockley–Queisser limit; on the other hand, state-
of-the-art TPV cells only operate at B50% of their thermody-
namic limit because of non-radiative recombination mecha-
nisms, series resistance, and non-ideal quantum efficiencies.29

In other words, significant performance improvements are possi-
ble by following a similar research pathway, although low-bandgap
semiconductors present a unique set of challenges compared to
silicon. Another milestone can be achieved by improving the
optical performance. Indeed, while the filled photonic crystal can
achieve B70% of the performance of an ideal (step function)
emitter, as defined by the conversion of fuel to in-band radia-
tion, a simple cold-side filter could improve this figure by further
reducing the effective out-of-band emissivity near the cutoff.
Further improvements may be possible, for example with a tandem
PV-thermoelectric device30 to recover the out-of-band radiation,

Table 1 The simulated systems with the oxidized Inconel emitter, photonic
crystal emitter, and filled photonic crystal emitter. The hemispherically-
averaged in-band and out-of-band emissivities of the emitters, edge emis-
sivity, power distribution, efficiency, and temperature are listed

Emitter
Oxidized
Inconel

Photonic
crystal

Filled photonic
crystal

Emitter emissivity (ein/eout) 0.80/0.80 0.58/0.18 0.92/0.16
Edge emissivity 0.80 0.55 0.15

Fuel (W) 100 100 100
Exhaust (W) 15.2 19.7 22.2
Conduction (W) 3.6 4.6 5.1
Side radiation (W) 27.3 32.8 12.5
View factor loss (W) 4.8 3.6 5.4
Out-of-band radiation (W) 46.9 24.5 15.2
Cell inefficiencies (W) 4.3 10.6 27.1
Electricity (W) 1.5 4.4 12.6

Fuel-to-electricity efficiency (%) 1.5 4.4 12.6

Temperature (1C) 843 1054 1169
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or with a thermoelectric device to recover the exhaust heat.
Although technical challenges remain, this work demonstrates that
a practical, portable TPV system is realizable in the near future.
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