Solar Thermophotovoltaic
Converters Based on Tungsten
Emitters

Results of a solar thermophotovoltaic (STPV) system study are reported. Modeling of the
STPV module performance and the analysis of various parameters influencing the system
are presented. The ways for the STPV system efficiency to increase and their magnitude
are considered such as: improvement of the emitter radiation selectivity and application
of selective filters for better matching the emitter radiation spectrum and cell photore-
sponse; application of the cells with a back side reflector for recycling the sub-band gap
photons; and development of low-band gap tandem TPV cells for better utilization of the
radiation spectrum. Sunlight concentrator and STPV modules were designed, fabricated,
and tested under indoor and outdoor conditions. A cost-effective sunlight concentrator
with Fresnel lens was developed as a primary concentrator and a secondary quartz
meniscus lens ensured the high concentration ratio of ~4000X, which is necessary for
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1 Introdution

In a solar thermophotovoltaic (STPV) system, the solar radia-
tion is absorbed and reemitted as thermal radiation before illumi-
nation of photovoltaic (PV) cells. Conventional solar PV systems
are strongly determined by the sunlight spectrum and by the fact
that there is no back connection between a PV cell and the Sun. In
STPV systems, the optimization may imply a choice of the emitter
spectrum and the possibility to return the unused part of radiation
from the receiver back to the emitter surface supplying it by an
“additional” power. A STPV system allows us to utilize selective
filters/mirrors and sub-band gap photon reflection to the emitter,
which results in the efficiency increase. As photons emitted by the
TPV cells due to radiative recombination are utilized, the emitter
also absorbs these photons using their energy. Owing to this ef-
fect, TPV cells would operate in conditions where the generated
voltage is higher than in the case of solar PV, when there is no
trapping of the emitted photons due to radiative recombination. In
solar-powered TPV systems, a high-temperature (~2000 K) emit-
ter can be used with a good enough “quality” of radiation. As in
concentrator photovoltaics, the thermophotovoltaic conversion of
the concentrated sunlight is promising for a decrease in cost of
solar electricity in comparison with nonconcentrated photovoltaics
owing to the reduction of the PV cell area in proportion to an
increase of the output electrical power density from the PV cells
in high-concentrator STPV systems. The hybrid system with PV
conversion (or lighting) for the visible part of sunlight and with
TPV conversion for the infrared part of the solar spectrum can be
also created ensuring the increase of total efficiency. A possible
hybrid solar/fuel thermophotovoltaic unit has an additional advan-
tage: the fuel-fired part of the hybrid system would permit opera-
tion at night.

The following key problems arise at optimization of STPV sys-
tems: providing high sunlight concentration; tailoring the emis-
sion spectrum of the photon emitter; filtering the radiation to uti-
lize photon recycling process and to reduce the thermal impact on
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the photocells; and tandem cell design allowing increase of PV
conversion efficiency of the emitter radiation. These problems
may be interconnected. For instance, a selective filter may be
deposited directly on the photocell surface reflecting long-
wavelength radiation back to the emitter. The role of such a filter
may be played by a photocell itself, if there is a mirror on its back
surface, which reflects the sub-band gap photons nonabsorbed in
the PV cell material.

2 Evaluation of the STPV System Efficiency

Theoretical [1-7] and experimental [8—14] studies show an op-
portunity to achieve a high efficiency in STPV systems. For ideal
system elements, maximal theoretical efficiency was found to be
85.4%, which is close to 86.8% of the efficiency of an unlimited
stack of tandem cells. Development of STPV converters requires
an optimization of system parameters for the best possible perfor-
mance. In connection with this, an estimation of the maximum
achievable efficiency for the STPV converters is of interest. Pre-
sented below are the results of calculations of the STPV module
efficiency. A schematic drawing of the system considered is
shown in Fig. 1. It is assumed that the sunlight is concentrated by
means of a focusing system (1) with a concentration ratio (CR)
and efficiency (7¢) in the emitter (2) with the input aperture size
providing 90% of the whole concentrated sunlight to hit the aper-
ture. The CR is thus a geometrical parameter, defined as the lens
or mirror to the emitter aperture square ratio. The sun’s direct
radiation was taken as 850 W/m?2. The emitter has the shape of a
cylinder with a sealed bottom side and is made of tungsten with
the emission efficiency e(\,7T) [15]. Thermal radiation of the
emitter comes to the photocells (3) with the band gap E,. The
emitter temperature is assumed constant over the surface. The
unused sub-band gap photons are reflected back to the emitter by
the backside mirror (4) or nonabsorbing selective filter with the
return efficiency (RE).

The whole system efficiency consists of the following basic
components:

e Sunlight concentration and absorption efficiency;
e Thermal radiation efficiency (the emitter efficiency); and
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Fig. 1 Schematic drawing of a STPV system. Major parts
shown: (1) solar concentrator: (2) high-temperature emitter;
and (3) PV cells; (4) and backside mirror.

* Photovoltaic conversion efficiency.

The first parameter appears to be simplest for analysis, because
it is clear that the more energy is concentrated on the emitter—the
better, and the only aspect that has to be taken into account is the
cost of the whole system. At the same time, the absorption of the
emitter aperture (AA) should be possibly effective for utilization
of the maximum incoming energy. The aperture size should be
minimal in order to reduce the part of the thermal radiation emit-
ted through the aperture. As we have shown previously [16], op-
timization of each parameter (AA, CR, and 7¢) leads to the whole
system efficiency increase by several percent. In the STPV system
described in this paper concentration ratios of 3.5-5X 103X are
obtained. Therefore, the calculations are performed for the 8
X 103 concentration ratio to account for the future system im-
provements, and the efficiency of the concentrating system 7.
was assumed to be 80%, which includes the scattering and absorp-
tion losses in the lenses.

Absorption efficiency of a cylinder shaped emitter with a sealed
bottom can be calculated according to the theory of cavity thermal
emission [17-20] by solving the following set of equations

€(M;) = e(M;) + R(M)) f K(M;,N)e(N)dFy,

Fy
+f K(M;,N)€(N,)dFy, (1)
F,
where €4(N)=the effictive emissivity of the aperture;

K(M;,N)=geometrical coefficient describing view angle of heat
exchanging surfaces (the view angle of an elementary square on
one surface to an elementary square on another surface); Fi,
F,=cylindrical and flat surfaces of the emitter; e(M;)=emissivity;
and R(M;)=reflectance of cavity material. Precise calculation im-
plies multiple order of reflection to ensure equality of the heat
emitted by the cavity surface and the heat absorbed by the cavity
itself and emitted through the aperture. Figure 2 presents the re-
sults of such calculation for tungsten emitters with 12 mm diam-
eter and 15-45 mm lengths. Absorption efficiency of cylindrical
tungsten emitters appears to be about 0.6-0.7 for the AM1.5 solar
spectrum. This parameter can be increased by a combination of
different materials, such as use of polycrystalline SiC or py-
rographite inside the aperture.

The emitter temperature was calculated by solving the energy
flux Eq. (2), i.e., the incoming energy should be equal to the
outcoming in a steady state
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Fig. 2 Dependence of calculated spectral tungsten emitter ap-
erture absorptansces with diameter of 12 mm and variable
emitter length of 15-45 mm. Emitter temperature is T=1600 K.

Einc + Erctum = Erad + Econv (2)

Here E;,.=solar energy, absorbed by the emitter; E,.,,=the part
of unused sub-band gap radiation returned to the emitter;
E_,,v=convectional losses; and E_ =energy, irradiated by the
emitter, defined by Stefan-Boltzmann law as uoT*. The effi-
ciency of emitter radiation (emitter efficiency) is determined as
the ratio of the energy part illuminating the PV cells to the total
energy irradiated by the emitter (including that through the input
aperture). In the ideal case, when all available space is covered
with PV cells, the emitter efficiency is described as a geometrical
parameter, determined by the emitter length and its diameter. The
longer the emitter, the higher its efficiency, but the lower the
achievable temperature. In Fig. 3 (left scale) the emitter efficiency
is shown versus the emitter temperature for two concentration
ratios of 2000X and 8000X.

The PV conversion efficiency (Fig. 3, right scale) was calcu-
lated assuming the following conditions: a Shockley—Queisser
model was used, i.e., all photons above the band gap are absorbed,
producing photocurrent and the only recombination process avail-
able is radiative recombination. This implies the current—voltage
equation
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Fig. 3 Dependence of calculated emitter efficiency for two
concentration ratios (CR)=2000x and 8000x (left) and PV con-

version efficiency for three band gaps of 0.4 eV, 0.7 eV, and
1.1 eV (right) from tungsten emitter temperature
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Fig. 4 Dependence of calculated efficiency of STPV module
versus single-junction PV cell band gap for different values of
tungsten emitter efficiency the #g,, and two system configura-
tions: (a) current technology (AA=0.7, RE=0.5); and (b) ad-
vanced technology (AA=0.9; RE=0.9)

eU
I=1Iyexp T (3)
B

where [ is the PV cell radiative current density, which depends on
the PV cell meterial properties and is given by Eq. (4) [21]

e(n®+ 1)E2kzT ( E )
[p= —— &5 - & 4
F e P\ kT @

No ohmic losses are considered. But in order to avoid non-
achievable extremely high current values, the current density was
limited to 5 A/cm?, increasing the number of PV cells where
needed. Photons with the energy below the band gap are reflected
back to the emitter with the efficiency RE by means of a backside
mirror or selective filter and are absorbed in the emitter with the
corresponding absorption efficiency. The rest of radiation is re-
flected back again to the PV cells and so on. This process can be
described as reducing geometric series.

In Fig. 3 (right scale) the PV conversion efficiency is shown for
three different band gaps versus emitter temperature. It is clear
from the figure that analysis of the system efficiency must be
complex, including all the influencing terms, because variation of
different parameters (CR, 7gp, E,, etc.) leads to a different system
configuration: increasing emitter efficiency is accompanied by the
temperature decrease which can reduce PV conversion efficiency
and vice versa, higher concentration ratio shifts the emitter effi-
ciency to higher temperature values, which are optimal for wider
band gap material, etc.

While constructing the system there are two important intercon-
nected factorors that need to be chosen: PV cell band gap and
efficiency of emitter. Figure 4 presents the STPV module effi-
ciency dependence on the band gap of a single junction PV cell
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Fig. 5 Calculated efficiency of STPV module (advanced tech-
nology) with the use of monolithic tandem PV cells for various
tungsten emitter efficiencies #g,. The graphs are plotted for
various top and bottom band gaps as a set of isoefficiency
lines.

for different values of the emitter efficiency. Two principal system
configurations are considered: “current technology”—with param-
eters AA=0.7 and RE=0.5 close to those available (Fig. 4(a)) and
“advanced technology” (Fig. 4(b)) with AA=0.9 and RE=0.9.
Optimization of these parameters is the subject of further devel-
opment. As can be seen from Fig. 4, optimization of the sunlight
absorption and unused light recirculation processes leads to a suf-
ficient increase in the STPV module efficiency accompanied by an
increase in the optimal band gap and emitter efficiency. This origi-
nates partly due to the increase in emitter temperature of the fixed
efficiency by 300—400 deg. It is interesting to notice that indepen-
dently of the system configuration, the maximum STPV efficiency
is obtained with the emitter temperature in the range of 1800—
2300 K. Thus, according to the calculations presented, the maxi-
mum STPV efficiency of our GaSb based STPV module with a
tungsten emitter may reach 18% for current technology with pos-
sible improvement to 25%.

In modern photovoltaics, monolithic tandem PV cells are
widely used for PV conversion efficiency increase [22]. Below we
present an analysis of STPV performance with the use of mono-
lithic tandem PV cells in order to estimate the possible benefits of
the multijunction cells in a STPV system. Figure 5 shows a set of
graphs with calculated isoefficiency curves, plotted against top
and bottom cell band gaps. The graphs are calculated for different
emitter efficiencies in the “advanced technology” case. Compar-
ing these data with that of the single junction (Fig. 4(b)) it can be
seen that efficiency increases by 4-5%. However, it should be
noted that since the monolithic tandem PV cells should always be
adjusted with the incoming spectrum to implement an equal cur-
rent requirement, the change of the sunlight intensity during daily
operation may lead to a significant emitter temperature change,
accompanied by the emission spectrum blue/red shift. In Fig. 6 the
calculated STPV efficiency is plotted against the bottom cell band
gap (assuming the top cell is always optimal) for three different
sunlight intensities: 600 W/ cm?, 800 W/cm?, and 1000 W/cm?2.
Calculations are presented for the “current technology” case. One
can see a shift of the maximum toward lower band gap values
with incoming energy decrease. However this effect is not critical
and an average point may be chosen with only 1-2% efficiency
loss retaining 22-23% of the total efficiency for the “current tech-
nology” case and 26—27% for the “advanced technology.”

Another way to improve the PV conversion efficiency is in the
increase of emitter radiation selectivity, so that the emitter radia-
tion is matched to the band gap of the photoreceiver. It may be
depositing the rare earth oxides on the irradiating emitter surface,
use of textured tungsten (photonic crystal), etc. [23-25].
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Fig. 6 Calculated efficiency of STPV module (current technol-
ogy) with tandem PV cells for different direct sun radiation lev-
els and emitter efficiency of 0.8. The graph is plotted versus
bottom cell band gap with the optimal top cell band gap.

3 Design and Performances of Sunlight Concentrators
for STPV Systems

An ideal solar concentrator is a parabolic mirror with an open-
ing angle of 180 deg. It may allow the maximum achievable con-
centration ratio of more than 40,000X. Such a mirror, however, is
very difficult to fabricate. Also, the cost of quality mirrors is high.
Systems with the lower opening angle demonstrate accordingly
lower concentration ratios. The most cost-effective concentrating
system is obtained by the use of a large square Fresnel lens. The
concentration ratio is determined basically by the diameter to fo-
cal length ratio and is limited by the angle of incidence of the
sunlight to the lens surface. Normally the lens diameter should be
lower than the focal length for maximum Fresnel lens efficiency.
This gives the concentration ratios of 1-2 X 10°X and corresponds
to an opening angle of 50-70 deg. The concentration ratio may be
increased by introducing a secondary element such as a focon
(CPC) or a quartz lens. In a focon, however, a retracing of incom-
ing rays takes place, and at the output the light tends to have a
180 deg opening angle. This requires that the emitter should be
placed closely to the focon, which is difficult, considering high
emitter temperatures. Inserting a quartz lens as a secondary ele-
ment increases the opening angle of incoming light, thus reducing
the spot size. This may increase the concentration ratio by several
times. Use of a specially prepared convex—concave quartz lens
ensures minimal scattering losses.

Figure 7 presents a two-stage sunlight concentrator system. It
consists of a Fresnel lens (0.36 m? in area and 0.75 m focal
length) and a secondary quartz meniscus lens. 90% of concen-

Fig. 7 Two-stage concentrator based on a Fresnel lens (1) and
a quartz meniscus lens (2)
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Fig. 8 Schematic drawings of the developed cylindrical (a)
and conical (b), (¢) STPV modules

trated sunlight is collected in the spot of 10 mm diameter. The
light distribution inside the spot was measured by scanning with a
GaSb PV cell with a 1-mm-diameter aperture mounted on a water
cooled stage. A concentration ratio of 3600X 1is ensured by this
construction, the main advantage of which is its low cost. How-
ever, the material (PMMA) of the Fresnel lens is characterized by
poor outdoor stability. Recently, a new technology for Fresnel
lenses of composite structure was developed at the loffe Institute
[26]: the microprisms are formed from transparent silicone rubber
contacting with the front silicate glass sheet as a protective super-
strate. The formation process developed allows fabricating the
lens of total area of 0.6 m X 0.6 m. This type of Fresnel lens en-
sures much better environmental stability owing to the use of high
stable silicate glass, protecting the Fresnel lens made of silicone
rubber, which is also characterized by a high stability under the
action of outdoor conditions. These Fresnel lenses are very prom-
ising for fabrication of concentrator PV modules [26] and have
perspectives for use in low-cost STPV systems.

Solar TPV Module Designs

Basic demands for an emitter are: it should absorb a maximum
of incoming sunlight and produce a selective emission to PV cells.
The simplest way to satisty these conditions is to make a sealed
bottom cylinder shaped emitter of tungsten with a partly selective
emission spectrum. In this case two types of TPV systems are
available: cylindrical (Fig. 8(a)) and conical (Figs. 8(b) and 8(c)).
The emitter is placed in a quartz chamber filled with a rare gas (Ar
or Xe) to prevent it from oxidation. In the conical system (Figs.
9(a) and 9(b)) the thermal radiation is reflected to PV cells by an
Au coated cone-shaped mirror, and PV cells are mounted on a flat
basement. In the cylindrical system the PV cells surround the
emitter, which are mounted on the inner side of a cooled cylindri-
cal base(Fig. 9(c)). Both modules were tested outdoors under the
direct sun illumination. The direct sun irradiation was measured to
be 800-850 W/m? (summer and autumn 2005, St.Petersburg,
Russia). Emitter temperature was registered by both a pyrometer
and a W—Re thermocouple. In Fig. 10(a) a 45 mm long tantalum
emitter is shown installed in the cylindrical setup and heated by a
Fresnel lens. Temperatures in the range of 1400-1900 K were
obtained, depending on the emitter size and material. Figure 11 a
shows a dependence of tantalum emitter temperature for different

Fig. 9 STPV module with a flat PV receiver (a), a tungsten
emitter surrounded by a conical reflector (b), and a complete
module (¢)
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Fig. 10 (a) Tantalum emitter (12 mm in diameter and 45 mm
length), installed in the STPV modulle of “cylindrical” type and
heated by Fresnel lens; and (b) SiC flat emitter installed in the
conical system and heated with the solar simulator system
(~200 W at the input of the aperture) [28]

emitter sizes [27]. All emitters presented were made with the same
aperture of 12 mm (95% of concentrated energy is collected) and
varied with the cylinder length. The emitter temperature was reca-
librated to ensure equal direct sun intensity of 800 W/m? for bet-
ter comparison. It is seen that the emitter temperature grows with
the decreasing emitter size. Theoretical calculation of the emitter
temperature is shown in Fig. 11(a) with a dotted line. It can be
seen that longer emitters show temperature even lower than ex-
pected. This is explained by growing convectional losses that ac-
company the increasing emitter surface, which was not taken into
account.

In the conical system the number of PV cells is fixed by its
construction (~5 cm? in the Fig. 9 module), and the dependence
of the radiation density on the emitter temperature is indirect. In
fact, the energy irradiated by the emitter is always the same, and
changing its efficiency will change the part of radiation that goes
back to the air on one hand, but on the other hand it will shift the
emission spectrum. This process needs special consideration.

Another “flat” type of the emitter may be realized in the conical
system (Figs. 8(c) and 10(b)). The advantage of such a configu-
ration is a flat emitter surface, which is good for the selectivity
enhancement (such as photolithography, oxide deposition, etc.).
However, the input emitter surface must be blackened and a high-
quality cone mirror has to be used to ensure efficient sunlight
absorption in the emitter. Figure 10(b) shows a SiC plate mounted
in the conical system and heated by the Sun Simulator system
[28].

GaSb TPV cells were fabricated with the use of Zn diffusion
and liquid-phase epitasy (LPE) technologies. In the first experi-
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Fig. 11 (Circles) measured tungsten emitter temperature as a
function of emitter length (emitter diameter is 12 mm and direct
sun irradiation density is normalized to 800 W/m?); and (dotted
line) calculated emitter temperature
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Fig. 12 Open circuit voltage (Voc, curve 2), fill factor (FF),
(curve 3), and efficiency (curves 1,4) of GaSb TPV cell as a
function of tungsten emitter temperature. Efficiency was esti-
mated under the following radiation conditions: under the full
radiation spectra (curve 1) and under spectra cutoff at A
>1820 nm (curve 4)

ments the cells were mounted in parallel on a copper heat sink. To
ensure the series connection of the cells, the heatsink substrate
with high thermal conductivity must be an electrical insulator
[29,30]. For fabrication of photoreceivers, we have selected BeO
ceramics, which has the electrical resistivity of more than
10'* Q/cm with the best thermal conductivity of 250 W/K m.
The thermal expansion coefficient of BeO ceramics is 6-107% K~!
being close to that of GaSb in the temperature range of 20—
150 °C. Contact composition Mo/Ni/Au to the BeO substrate
allowed us to solve the problem of adhesion of GaSb cells to
ceramics. The cell efficiency of 19% under illumination by a tung-
sten emitter heated up to 1900-2000 K had been derived from
experimentally measured PV parameters (Fig. 12). This value is
close to the theoretical maximum of ~22%(see Fig. 2) for GaSb
cells illuminated by tungsten. Cell efficiency as high as 27% was
estimated for the spectrum cutoff at A > 1820 nm (conditions of
100% return efficiency for sub-band gap photons). In the conical
module the photocurrent density Jgc=4.5 A/cm?, open circuit
voltage Voc=0.49 V, and fill factor (FF)=0.68 have been mea-
sured in a GaSb cell under the solar powered emitter heated to the
temperature of about 2000 K.

Figure 13 shows the average thermal irradiation density (in cy-
lindrical system), measured with a GaSb cell (curve 1, left scale).
The average short circuit current grows with increasing emitter
temperature (smaller emitter length). However the total estimated
power output of the system (curve 2 in Fig. 13, right scale) has a
maximum for emitters of 35-45 mm in length. This corresponds
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Fig. 13 Average measured thermal irradiation density (GaSb
cell short circuit current) (curve 1), left scale, and the estimated
STPV module power output (curve 2), right scale plotted for
different emitter lengths
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to the emitter efficiencies of 0.8-0.85, as expected in the above
calculations (see Fig. 3(a)). The emitter temperatures are, how-
ever, lower than expected. This is explained by several factors
affecting the system performance: no return of unused radiation is
yet realized in the system and also convectional and unforced
radiational losses should be minimized in order to achieve the
expected module efficiency.

4 Conclusion

Research and development of a solar TPV system have been
presented. The solar concentrator developed, based on a Fresnel
lens, does not show the maximum performance possible (a para-
bolic mirror would give higher concentration ratios and effi-
ciency), however it has the great advantage of low price, still
allowing us to reach high concentrations up to 4000x. The conical
module developed allows the use of flat emitters, which is prefer-
able for the pilot studies of new materials application. At the same
time, a cylindrical system is preferable for the final system pro-
duction for several advantages: it may consist of several stacked
modules, the cooling of PV cells is easier, and it is more suitable
for the use in hybrid solar/fuel fired systems, which are promising
for totally self-contained units. The GaSb PV cells developed are
most relevant for the use in such systems. As it is shown by our
calculations, maximum achievable efficiency for a module with a
tungsten selective emitter is 23-25% with the band gap energy of
single-junction photovoltaic cells E,=0.7-0.9 eV. The use of
monolithic tandem cells is questionable, as an expected increase
in total efficiensy is only 2-3% percent, which may also be ne-
glected by the losses in tunnel junction, for example. BeO ceram-
ics is preferable for the cascade sell assembly. System perfor-
mance is examined with a cylindrical shaped tantalum emitter and
ways of possible improvement (convectional and radiation losses
decrease, aperture blackness etc.) are proposed.
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