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A high temperature thermophotovoltaic (TPV) system is modeled and its system level performance is
assessed in the context of concentrated solar power (CSP) with thermal energy storage (TES). The
model includes the treatment of the emitter and the heat transfer fluid that draws thermal energy from
the TES, which then allows for the identification and prioritization of the most important TPV cell/
module level properties that should be optimized to achieve maximum performance. The upper limiting
efficiency for an idealized system is then calculated, which shows that TPV with TES may one day have
the potential to become competitive with combined cycle turbines, but could also offer other
advantages that would give CSP an advantage over fossil based alternatives. The system concept is
enabled by the usage of liquid metal as a high temperature heat transfer and TES fluid. The system
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concept combines the great economic advantages of TES with the potential for low cost and high
performance derived from TPV cells fabricated on reusable substrates, with a high reflectivity back
reflector for photon recycling.
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Broader context

Current approaches to concentrated solar power (CSP) rely on the same heat engines as fossil fuels, and thus the only way CSP can become cost competitive is if
the cost of collecting and storing high temperature heat from the sun can become less expensive than the heat delivered by fossil fuels. However, the sun is a
fundamentally different type of heat source than the sensible heat that can be derived from a fossil fuel. Thus, it would be highly advantageous to pursue
systems that can somehow exploit the fundamental advantages of solar energy over fossil fuels towards achieving higher performance and lower cost. This
study reports modeling results for such a system, which is based on a thermophotovoltaic (TPV) heat engine instead of a turbine, and the results suggest that
TPV has the potential to offer competitive cost and performance.

critical to appreciate that one primary metric that has been
used to assess TPV cell efficiencies is, what we have termed
herein, the full spectrum efficiency (FSE), given by,

Introduction

Thermophotovoltaics (TPV) have been around for decades’>*
and although there has been interest in using them for solar
energy conversion, there has not been a major increase in
interest. This has largely been because the efficiency of TPV
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m

systems is considered to be low as compared to other options
for heat engines. Furthermore, full system level analyses are
lacking. Analyses that go beyond the cell/module and actually
examine the heat source and how the heat is transferred from
the source to the emitter and then into the cell, while also
keeping track of all heat losses, are needed. Here, it is also
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where W and Q, are the output work and the total incident
light input to the cell, respectively. This metric is useful,
particularly because it allows one to compare all cells on equal
ground, as authors typically specify that the efficiency was
evaluated for a black body emitter at a certain temperature.®®>®
The problem with using the FSE, however, is that the actual value
is often low, in the range of 5-20%.%° This often leads one to
believe that the cells are quite inefficient by comparison to other
heat engine technologies such as Rankine and Brayton cycles,
which typically have efficiencies above 30%. Furthermore, when
one considers the high emitter temperatures needed (> 1000 °C)
for TPV to have a competitive power density (e.g., >10 kW m™?),
other options such as a combined cycle, which can have
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efficiencies as high as 60% and costs below $2 W' (here W refers
to electrical power), and are much more attractive. As a result,
TPV, although interesting from a scientific point of view, has
yet to gain traction as a viable option for the conversion of heat
to electricity in a commercial context.

What is sometimes not realized at first glance, however,
is that for emitter temperatures ~1300 °C, only 25% of the
blackbody spectrum is usually above the TPV cell bandgap
(~0.6-0.8 eV). Thus, if one considers only the portion of
radiation above the band gap, rather than the full spectrum,
the efficiencies become much more competitive. The problem
is that unless a spectrally selective emitter is used, most
refractory materials have substantial infrared (IR) emissivity
and will therefore emit most of their radiation below the band
gap. Thus, a critical challenge has been to develop a system
level design concept that allows one to make maximum usage
of the potential for high efficiency conversion of photons above
the band gap, while disallowing the loss of the below band gap
radiation, which manifests as absorption in the cell/module
itself. This concept is generally referred to as photon recycling
or spectral control, whereby photons with insufficient energy
are reflected/recycled back to the emitter keeping it hot, and
thus the energy is not lost. The notion of photon recycling has
been around for many years,"****°>* but a full system that
exploits the effect has, to our knowledge, yet to be analysed in
detail to quantify exactly how much benefit it can provide. Such
an analysis is the subject of the ensuing discussion.

In this respect, using a back surface reflector (BSR) to reflect
unconvertable light back to the emitter is critical, and it is one
of the primary distinctions between flat PV and TPV.3?*%75!
PV and TPV are in essence the same, in the sense that they
utilize the photoelectric effect. However, in direct PV conversion
of sunlight to electricity, one must attempt to convert a large
portion of the spectrum to achieve high efficiency, because any
reflected or absorbed photons below the band gap are lost, either
by reflection to the surroundings or absorption in the cell and
subsequent heat transfer to the environment. On the other hand,
with TPV, one would prefer to reflect all photons below the band
gap, since in a real system the emitter and cell have a high view
factor and reflected photons will simply go back to the emitter.
Thus, TPV only makes sense if one can implement effective
spectral control, either on the side of the emitter, by only
emitting photons above the band gap and/or by reflecting back
photons below the band gap.

Considerable research has focused on engineering selective
emitters®>”>>° but it has been difficult to identify a material
that can strongly suppress the below band gap radiation, as
emissivities typically range from 0.05-0.4 beyond ~1 micron.
Selective emitter coatings are further complicated by issues
associated with thermal expansion matching of the coating and
substrate, along with the cost of rare earth elements such as
Er.””**78 By contrast, materials such as silver (Ag) have much
lower emissivity (e.g., high reflectivity) in the far infrared
i.e., <1% absorption from 1 < A < 30 microns. Thus, it is likely
to be much more efficient, reliable and cost effective to simply
integrate a material such as Ag on the cold side (e.g., the TPV cell)
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to reflect below band gap radiation back to the emitter, than
to try and suppress long wavelengths from being emitted on
the hot side.

The technique of using a BSR has been implemented pre-
viously and therefore in the ensuing analysis we have focused
our discussion on the usage of TPV cells that are integrated
with a high reflectivity (similar to Ag) BSR. The results of our
analysis then quantify how important the BSR reflectivity is to
the overall system performance, and to the best of our knowl-
edge, no complete system level analysis incorporating spectral
control and the specularity of the TPV cell BSR has been offered
in the literature. Therefore, one objective of the present study is
to present a more complete system level analysis of TPV with
spectral control via BSR. The second objective is then to assess
if a TPV system with TES could, under any circumstances, ever
be competitive or provide advantages over turbines such as
combined cycles, which can have efficiencies as high as ~60%
and costs between $1-2 W™ ', This becomes a critical question
because unlike turbines, which currently operate very close to
their thermodynamic efficiency limits,*® other solid-state heat
engine technologies, such as TPV, are much less developed and
there is significant room for improvement.

Using TPV as a power cycle for
concentrated solar power (CSP) with
thermal energy storage (TES)

One potential application for TPV has been in the context of
solar energy conversion and specifically as a power cycle for
CSP, instead of a turbine based heat engine. In CSP one first
collects and concentrates sunlight, most often using reflectors,
and then absorbs the light on what is termed a receiver. The
receiver then transfers the thermal energy to another medium
that can store heat inexpensively, typically a type of liquid
(i.e., molten salt) in tanks, which then acts as a thermal battery.
The tanks are typically large, so that they lose a negligible
fraction of the energy stored each day,®®* due to their large
volume to surface area ratio. This is because the heat losses scale
with the area exposed to the environment, while the energy
stored scales with the volume. When electricity is needed the
TES is discharged to feed the heat engine, often termed the
power cycle, which converts the heat to electricity. Here it is
important to appreciate that TES is one of the most attractive
forms of energy storage, because it can be very inexpensive
4-10 times cheaper than electrochemical batteries, with extremely
long lifetimes, near 100% thermal round trip efficiency, and
the discharge rate is completely decoupled from the amount of
energy stored. Furthermore, Denholm and co-workers®"®>"%”
have performed detailed assessments of the value of adding
TES, and have found that it can be particularly useful for higher
penetration of renewables.

State of the art CSP plants with TES are capital intensive, but
presently have a levelized cost of electricity (LCOE) in the range
of ~13.5-20 cents per kWh.®® Since LCOE scales with the
inverse of the overall system efficiency (solar-to-electric), one
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potential route to decreasing the LCOE is to use a more efficient
power cycle, since it is the largest source of inefficiency in the full
system.®® Current CSP power cycles are steam based Rankine
cycles with an efficiency in the range of 35-40% and one
potential way to improve the LCOE of CSP would be to consider
using a solid-state heat engine such as TPV.® Here, the question
is not only can one achieve a major boost in efficiency, but also
whether it is possible to achieve a lower cost, faster response/
ramp times/rates, longer life and lower maintenance costs than a
turbine. It should be noted that the cost of the turbine in a CSP
plant is not negligible as it is typically on the order of $1 W, ',
while to total plant costs are typically ~$4-6 W, .°® However,
by comparison, if the electrical power output of a TPV based
power cycle was on the order of 50 kW, m ™2 of cell area and the
cost of the cells could be reduced to the order of $10 000 m > via
the use of reusable substrates, one could potentially achieve
costs on the order of $0.1 W, *. Such an advancement would
first require high efficiencies e.g., >50% but would also require
that such efficient cells be fabricated on reusable substrates.
However, initial demonstrations by Morral et al®® suggest
the possibility of such an advancement is not unfounded. None-
theless, in the following, we outline how such a system might be
designed and we analyse its performance to assess whether or
not pursuing such an approach could ever be advantageous.

Considering the limits on TPV cell performance due to
recombination,”® one must operate the emitter at high
temperatures so that (1) a material with a reasonably high band
gap can be used, and (2) so that the heat flow from photons
above the band gap greatly exceeds the rate of heat leakage to
the environment. Generally, this corresponds to temperatures
above 1000 °C, but one must also then think about what medium
could be used to store the heat at such high temperatures. In
this respect, we envision that one could use a TPV based power
cycle in the context of CSP with TES, by using a receiver made
of graphite, with liquid metal Sn serving as a primary heat
transfer fluid (HTF).”"”? Initial models and ongoing experi-
ments suggest that this approach can reach the same range of
receiver efficiencies as existing plants 80-90%, but would require
higher sunlight concentrations >5000 kW m™~>. Furthermore,
as has been confirmed by submerged sample experiments,
Sn and graphite exhibit no chemical interaction at any tem-
perature, despite the fact that they reside in the same column
of the periodic table.”> Thus, Sn(l) can be used as a HTF in
a graphite piping network, since it melts at 232 °C and does
not boil until 2602 °C, and will not exhibit any corrosion.
Furthermore, commercial molten metal pumps made of graphite
exist, and with proper retrofitting to keep the motor thermally
isolated, they could be used at the requisite temperatures. Sn,
however, is exceedingly expensive to use as a TES fluid, and
therefore one must use another material to store the heat at
high temperature.

Here, it should be appreciated that TPV, unlike a turbine, is
best suited for a constant temperature heat input, similar to the
idealized Carnot engine.®® Therefore, the most exergetically
efficient embodiment would be to store all of the heat at
the highest possible temperature via a phase change material
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(PCM). It should be noted that a heat engine that takes in heat
at a constant temperature has the potential to reach higher
efficiencies than a heat engine that takes in heat over a range of
temperatures, because there is less entropy transfer into the
system.®® Thus, a solid-state heat engine such as TPV has an
intrinsic thermodynamic advantage over a turbine.®®

There are very few classes of materials that are stable above
1000 °C, but there is one choice that can not only act as a PCM
in the target temperature range, but also has a somewhat
anomalously large heat of fusion and happens to be very low cost,
namely silicon (Si). Si is the most abundant solid element on earth,
with a cost for bulk metallurgical grade Si ~ $1-2 per Ib, a melting
point of 1414 °C and a large heat of fusion of 1.92 MJ kg™ ". One
could encapsulate Si in tubes made from inexpensive refractories,
such as mullite or alumina stored in large, sealed closed end
tubes, stacked in a larger tank. Here, the liquid metal Sn can
flow in between the spaces between parallel tubes to either
deliver or extract heat from the Si melting/solidification occurring
inside the tubes. With such an approach, due to the extremely
high convective heat transfer coefficients of liquid metals,
the system could be operated near isothermally, with tempera-
ture differences on the order of 50 °C. It is also important to
acknowledge that other embodiments could also work, but we
have simply outlined one option here to illustrate that there is a
pathway to realize such a system.

For example, as illustrated in Fig. 1, to charge the Si PCM
TES, the Sn could be pumped to the receiver and heated from
the melting point Ty, of the storage medium (Si — 1414 °C)
to & Ter + ATh, via sensible heating. A high flow rate and small
temperature rise AT ~ 50 °C is needed to maximize the system
level exergetic efficiency. The liquid Sn at Ty, + AT, could then
be routed to the TES tank where it melts the storage medium
and is cooled back to Tp,ei;, whereby it is recirculated back to
the tower. To discharge the thermal battery, the Sn is then
circulated from the TES tank to the power cycle. Here we
envision a TPV based power cycle, which consists of a large

Mullite/Alumina Encapsulated Si
Phase Change Thermal Storage

TrnentATy| |5 l Tt

Power Tower with Secondary
Concentrators

Heliostats Liquid Metal
“‘““‘ TrerATy Sn (l) Pump
i "_ ol | -
InGaAs TPV Cell‘on Trent — Flow Diverters/Valves \'

Reusable InP Substrate

Tinet

Back Surface Reflector

Water/Qil Cooled Heat Sink

TPV Power Cycle

Fig. 1 Schematic conceptual layout of a utility scale TPV system. Red and
white arrows on pipes indicate the flow path for charging (red) and
discharging (white) the thermal storage.
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array of graphite tubes that serve as near blackbody emitters.
The TPV modules are located in between successive columns of
graphite tubes and are irradiated with blackbody emission
between Tyere and Tere — AT, where again a small AT, is used
to preserve high exergetic efficiency and the heat is transferred
to the emitter via sensible cooling in the Sn (see Fig. 1). A major
benefit of using TES, aside from its low cost, is that dispatch-
ability is enabled through the rate of discharge, which can be
controlled by the flow rate of the Sn through the graphite
emitter pipes (see Fig. 1).

In envisioning such a concept there is a critically enabling
technology, namely the infrastructural components (i.e., pumps,
valves, flow meters etc.) that would be prerequisite. Although
seemingly unrealistic at present, there is precedence to suggest
that such a system could be successfully engineered if desired
as well as initial demonstrations. Most notably a means of
pumping the liquid metal, via a sump pump, already exists,
albeit at lower temperatures.’* Seal-less graphite sump pumps
are available commercially and if retrofitted to thermally isolate
the motor from the impeller, could operate at the temperature
range of interest here. Such components are the subject of ongoing
prototype development efforts, but essentially all of the key pieces
exist, despite their need to be demonstrated together as a system.
It is well acknowledged that such a concept would require
continued development of these critical components, but in
working towards their demonstration, it is nonetheless still
useful to envision what other systems they can enable.

In the aforementioned system concept, the TPV modules
would need to be engineered with the spectral control strategy
integrated into the cell/module itself. High efficiency InGaAs
cells®® grown on reusable InP substrates”” somehow backed
with a highly reflective (e.g., Ag) layer to serve as an inexpensive
omnidirectional high efficiency IR reflector’® is one potential
option. This layer, along with the rest of the cell would then
need to be engineered to minimize below band gap absorption
and efficiently convert the upper 15-25% of the spectrum,
which peaks between 1.72-1.97 microns (1200-1414 °C).
The cells would then need to be actively cooled behind the
substrates with a water or oil cooled heat sink keeping them
at ambient temperature to maximize their performance. The
entire power cycle unit would need to be heavily insulated from
the environment and held in a vacuum to minimize convective
and conductive heat leakage from the emitter (graphite pipes)
to the TPV cells. Furthermore, the entire power cycle must be
sufficiently large (i.e. ~1-10 MW) to minimize edge effects and
so the power generated inside greatly exceeds the heat leakage
to the environment.

There are then several important questions to consider that
will determine whether or not such a system could ever
compete with turbine based heat engines: (1) how efficient
could such a system be at scale and what are the most critical
parameters? (2) How high of a back reflector reflectivity is required
to reach competitive efficiencies? It is not clear a priori if realistic
back reflector absorptivities (e.g., 1-10%) are sufficiently low to
enable competitive system level efficiencies, or if only extremely
low reflectivities (<0.1%) can enable competitive efficiencies.
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(3) What length scale is necessary to minimize edge effects and
suppress the heat losses to the environment? If system sizes
much larger than 100 MW (typical power plant size) are
required before the heat losses become a negligible fraction
of the power generated, then this concept may never be viable
due to excessively high capital costs. In the remaining sections
we discuss a full 3D finite volume conjugate heat transfer
model that treats the radiation via Monte Carlo ray tracing
(MCRT). The model is used to answer these three primary
questions and to obtain insights into what aspects might limit
the system level performance.

Computational model

In the model we seek the overall efficiency of a TPV power cycle,
which is one subsystem of the envisioned CSP plant, where the
efficiency is defined as the ratio of the electrical output e.g., the
product of open-circuit voltage, short-circuit current and fill
factor (FF-VocIsc) to the change in enthalpy (sensible heat) in
the liquid Sn (72,Cp(Touc — Tin)), Which is the heat input. Here, it
should be noted that henceforth the term ““system efficiency” is
used to refer to the power cycle subsystem efficiency in the CSP
plant, which is useful for distinguishing it from the efficiency of
sub-components such as the TPV cells or modules, which do
not account for all of the losses in the power cycle subsystem.
Steady state heat transfer calculations were performed by
combining a spectral MCRT approach for calculation of the
radiation between the emitter and TPV cells, with the conjugate
Finite Volume Method (FVM) for solving the fluid flow and heat
transfer in the liquid metal, graphite pipes and insulation. To
reduce the temperature gradient and consequently the thermal
stresses in the graphite tubes while also providing nearly
constant temperature heat to the emitter, the liquid metal flow
rate was chosen so that the temperature difference along the
pipe’s length is only ~50 °C. For such flow conditions the
Reynolds number is >2300 hence we employed a turbulent
model for Sn flow in the pipes. It should be noted, however,
that the Sn convective heat transfer coefficient presents a
negligible heat transfer resistance, even if the flow were laminar,
due to its high thermal conductivity (>20 W m™* K 1).”7
Consequently, the results are insensitive to the fluid flow model
used. Thus, at every location in the Sn flow path, the tempera-
ture of the graphite containing the Sn is almost identical to the
Sn temperature locally.

The heat equation is used to describe heat conduction
through the insulation and pipe walls, and the MCRT approach
is used to treat the radiation between the emitter and TPV cells/
modules. The coupled radiation and fluid flow and heat
transfer equations are solved iteratively and the high energy
(above band gap - termed “in band”) and lower energy (below
the band gap - termed “out of band”) radiative heat fluxes on
the modules are obtained. Finally, using the External Quantum
Efficiency (EQE) of the cell, the open-circuit voltage, current
density and fill factor, as will be discussed, the output power
and efficiency are calculated. Fig. 2 illustrates the power block
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Fig. 2 Schematic illustrating (red dashed lines) the computational domain
used in the model. The TPV module in front of graphite tubes is composed
of many TPV cells connected in parallel and series. Contrary to the lines
shown for illustrative purposes, the size of the cells should be small on the
order of 0.1-1 cm? so that the resistive losses are minimized.

and computational domain used in this study. The overall
efficiency of the system largely depends on the cell’s EQE and
the reflectivity of its integrated BSR. In an effort to assess what
is achievable with current cells, as an example, we have used
the EQE and voltage characteristics measured by Tuley et al.>®
for an InGaAs TPV cell grown on an InP substrate.

In order to calculate the output electrical energy from the
system, the number of incident photons of a given energy is
determined from the heat transfer simulation and then used
along with the EQE of the TPV cell studied by Tuley et al.*® The
EQE represents the fraction of electrons collected per incident
photon with a particular energy and therefore it measures how
efficiently a cell can convert photons into electron hole pairs.
The short-circuit current (Isc) from the cell can be calculated by
multiplying the EQE with the input radiation spectrum and
integrating over the entire range of photon frequencies. The
electrical power and the overall efficiency of the system can then
be calculated using the fill factor (FF), which is the ratio of the
maximum possible power obtained from the cell to the product
of open-circuit voltage (Vo) and short-circuit current.

P = NeetVoc!IscFF (2)
n = Neeln VOCISCSF — Weooling 3)
m

Here, N, is the number of TPV cells in the power block,
Weooling 18 the pumping power required by to actively cool the
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TPV cells/module, and Q;, is the total energy input to the
system which is the energy transferred from the Sn to the
graphite tubes,

Oin = mcp(Tout - T ) (4)

In eqn (4) iz is mass flow rate of liquid metal Sn HTF in pipes,
Cy, is specific heat, and (Touc — Tin) is the temperature difference
between the inlet and outlet. Additional details of the computa-
tional model, validation of the model and further details
associated with how the efficiency was calculated are included
in the ESL.{

There are various losses that limit the performance of the
TPV cells and modules themselves. Some of the loss mechan-
isms have overlap, but since the power output is proportional to
the short-circuit current, open-circuit voltage and fill factor
(P o VoclscFF), one can group them into three categories,
namely (1) losses that decrease Is, (2) losses that reduce the Vg,
and (3) losses that decrease FF. The losses that decrease the
short-circuit current are due to non-absorption of photons
with energy lower than the bandgap energy, reflection of light
from the top surface of the cell and contacts, transmission losses
due to absorption of light in the bulk, area loss associated with
metal electrode coverage and metal grid design, absorption of
photons in the BSR, as well as photons that are absorbed onto
the insulation and feed the heat leakage to the environment. The
losses that reduce the open-circuit voltage are thermalization
and collection losses due to bulk and surface recombination
in the semiconductor as well as recombination in the deple-
tion region. Lastly, the losses that reduce the fill factor are
primarily resistive losses due to series and shunt resistance. It
is worth mentioning that some of the aforementioned losses
have multiple ramifications. For example, although the major
effect of crystalline defects, impurities and incomplete chemical
bonds is the reduction of open-circuit voltage, they can also have
two other effects: (1) at high values of short-circuit current,
impurities and defects act as traps for photoexcited carriers
and recombination of these traps can result in the reduction
of photocurrent and consequently short-circuit current, and
(2) at low values of open-circuit voltages defects and impurities
decrease the shunt resistance which results in a reduction in the
fill factor. Another example is the overlap of collection and
resistive losses. At high values of short-circuit current, the
recombination in the depletion region increases both collection
losses and resistive losses, which result in a reduction in open-
circuit voltage and fill factor, respectively. Nonetheless, the
aforementioned losses have been labelled according to the most
significant effect they have on the efficiency.

Here, it is important to also note that the aforementioned
losses can also be grouped into two distinct classifications,
namely fundamental and practical losses. The only truly funda-
mental loss in TPV cells is radiative recombination which is
unavoidable.”® Other losses are practical losses which intrinsi-
cally have no lower bound and therefore in principle could be
continually reduced through improved cell design and fabrica-
tion. For example, increasing the quality of semiconductor
fabrication by reducing defects and impurities can minimize

This journal is © The Royal Society of Chemistry 2016
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Shockley-Read-Hall recombination and resistive losses due
to shunt resistance. Also, cell/module series resistance can be
minimized using new and innovative approaches, such as
multilevel interconnection designs,”®”® tandem/multi-junction
devices,*®" vertical multi-junction (VM]) cell structures,®>®
and Monolithically Integrated Modules (MIM).?*"°* 1t is worth
mentioning that the reported series resistance values of some
the best fabricated cells for concentrated and non-concentrated
PV are between 0.1-2 mQ cm?>.%7%2
between fundamental and practical losses, in the subsequent
analysis we consider three primary example cases for the TPV
cells/modules: (case 1) where Vo, Isc and FF are determined
from the experimental current voltage curve and wavelength
dependent EQE of an InGaAs-InP cell studied by Tuley et al.,*®
(case 2) where we consider the upper limits for Vo, Isc, and FF,
by neglecting all the losses that are associated with the cell
design and fabrication, and (case 3) where we incorporate series
resistance into case 2, since it is one of the most important
practical losses in the cells.

For all cases, the emitter temperature was determined by
the heat transfer calculation, where the inlet temperature for
the Sn(l) was held constant at 1750 K. This yielded almost
a constant temperature emitter, which provided a photon
flux above the band gap of 109 kW m~> (10.9 W cm?) and
315 kW m~? (31.5 W cm~?) below the band gap. Thus, the net
photon flux was 42.4 W cm™ %, which is the same as a concen-
tration factor of ~420x for a cell directly illuminated with
concentrated sunlight. For case 1, all the losses due to recombi-
nation, series resistance, transmission, reflection, area loss, and
so on are considered in the calculation by using the experimental
data of series resistance and wavelength dependent EQE, as well
as ideal and non-ideal dark saturation currents.*® The values of
all intrinsic cell parameters in the equation such as ideal and
space charge non-ideal dark saturation currents are obtained by
fitting a double diode model to the experimental I-V curve as
discussed in the ESI.{ The photocurrent is calculated using
experimental data for EQE first. Then the V¢ is obtained by
numerical solution of the two diode equation. Finally, the
maximum power point and consequently the fill factor are
calculated by numerical solution of the derivative of the I-V

Given this distinction

. dr .
curve, Le., 7 0. For cases 2 and 3, it is assumed that the

EQE = 1 for all photons above the band gap energy and we assume
the TPV cell operates at its maximum open-circuit voltage,
i.e., Voc = Vmax at room temperature (300 K). For cases 2 and
3 the maximum open-circuit voltage at 300 K, fill factor and the
effect of the series and shunt resistances on the fill factor are
calculated using the relations developed by Green'®*'°* and
Kiess and Rehwald.'” For more details on the calculation
procedure, readers are referred to the ESI,{ but the purpose
of examining all three cases is to assess where the current state
of the art is (case 1), and how much room exists for improve-
ment (cases 2 and 3). Also, in the forthcoming results, the BSR
reflectivity was treated as a variable so that we could examine
how strongly the power cycle system efficiency affected by its
value. The range for BSR reflectivity values ranged from zero,
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which yields the full-spectrum efficiency, to unity, which yields
the monochromatic efficiency.

It is also important to emphasize that since the TPV cell
operates at high concentration levels, the cell temperature can
significantly increase beyond the room temperature if it is not
actively cooled. However, it is very straightforward to keep the
cell temperature within 2 °C of the ambient temperature using
active cooling from a liquid such as water or a heat transfer oil
as well as a heat sink to increase the surface area of contact
between the cell and liquid. As shown in the ESI, a simple,
easy to fabricate, and low cost copper-water cooling system can
remove the heat from the system and maintain the temperature
of the cell/module below 302 K with negligible pumping power
required to circulate the coolant through the system.

Results and discussion

One source of potential inefficiency at the system level that was
not discussed in the preceding section is associated with non-
uniform radiation, which causes some of the TPV modules to
output less electricity (e.g., edge effects). Although one can
intuitively reason that large aspect ratios should be less affected
by such edge effects, it was not clear a priori, how large an
aspect ratio is required. We therefore calculated the heat fluxes
on the surface of TPV modules, normalized by their maximum
values as discussed in the ESI.{ The two important aspect ratios
are denoted as ARy = H/C and AR, = L/C. They represent the
ratio between the overall height of the system (H) and the
length of the system (L) to the distance between the modules
and tubes (C). These aspect ratios were varied to determine how
large AR; and AR;; must be to approach the infinite system size
limit. As discussed in the ESIL,{ aspect ratios beyond 40 yield
negligible differences with respect to the infinite system size
limit (i.e., uniform flux). Thus, in the ensuing analysis, the
same heat flux distribution and average values for heat fluxes
obtained for the system with an aspect ratio of 50 are used for
all remaining calculations.

In order to address the issue of heat leakage to the environ-
ment through the insulation, we examined how the efficiency
scaled with the overall system size when including heat leakage
through the insulation. The heat loss due to conduction through
the insulation and subsequent convection and radiation to the
surroundings can be easily estimated using a simple thermal
resistance circuit as follows,

Tinner - T:x:
Rtotal

Qloss,l = (5)
where T, and Tinner are the surrounding environment’s ambient
temperature and the average temperature of the inner surface of
the insulation respectively. In eqn (5) Rioa iS the total thermal
resistance between the inner surface of the insulation and the
surroundings which can be expressed as

R = —— 1 (L LY (6)
ol = A \hody | A,
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where A;, A,, t and k;, are internal and external surface area of
the insulation, its thickness and thermal conductivity respec-
tively. In eqn (6), the effective combined convective and radiative
heat transfer coefficient outside of the power block is given by
hr = 0 &ins (Touter + Tinner)(Touter2 + Tinnerz); where Eins and Touter
are the emissivity and the outer surface temperature of the
insulation, respectively. The energy balance in the TPV block
then results in the following expression for the system efficiency,

Qloss.tot

n=1 11 Co(Touw — Tin) @
where Qjosstor = Qloss,g T Qwaste 1S the total heat loss to the
environment. Here, Qs is the total heat loss through the insula-
tion and Quasee iS the waste heat absorbed/rejected in the TPV
modules, which is ultimately transferred to the environment
via the active cooling system. The quantity Quaste is the product
of the below band gap radiative heat flux and TPV cell absorp-
tivity along with the other cell/module level losses.

Although the photoelectric effect itself is essentially size
independent, the overall performance of a TPV power cycle system
is strongly size dependent. This is because one must insulate the
emitter from the environment, which is most effectively accom-
plished with porous solid insulation. Nonetheless, eqn (6) and (7)
show that the efficiency of the system is proportional to the
volume to surface area ratio, because the electrical output scales
with the system volume, while the heat leakage scales with the
system’s surface area. Thus, despite many efforts to exploit
the size independence of the photoelectric effect in TPV, one
cannot circumvent the need to insulate the emitter from the
environment, which enjoins a dependence on the volume to
surface area ratio. Fig. 3 shows that the efficiency increases with
increasing volume to surface area ratio (¢ = V/A) due to the fact
that at higher ¢, the heat leakage from the system is small
compared to the power generated internally. In order to minimize
these losses and maximize the efficiency, system sizes on the
order of 1 m are required. This is a very important result, as
many applications of TPV often focus on its ability to operate at
small scales efficiently as a principle benefit.'°® Our results,
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Fig. 3 Effect of volume to surface area of TVP block efficiency.
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here, however, suggest that at small scales, on the order of
0.1 m or less, the system level efficiency will still exhibit strong
size effects, despite the fact that the underlying photoelectric
effect itself is essentially size independent. This limitation
ultimately arises due to the lower bounding limitations on
the thermal conductivity of insulation, which is on the order
of 0.01 Wm ™" K. This then necessitates a certain thickness of
insulation to prevent heat loss and small systems do not
generate enough power to greatly outweigh this essentially
fixed heat flux. Fig. 3 therefore shows that operating a TPV
power cycle at a sufficiently large scale is the most important
step that must be made towards improving the efficiency. It is
also critically important to realize that by simply increasing the
size one relinquishes a common goal in TPV cell design, which
is to use lower band gap materials so that more of the emitter
radiation is above the band gap. This has the effect of increasing
the power output per unit active area, but the primary reason
this is necessary, other than cost considerations, is to compete
with the heat leakage to the environment. However, if one settles
this competition by simply making the system large enough,
the choice of TPV cell material can shift to materials with
higher band gaps and lower power output per unit active area,
to achieve higher efficiency.

Fig. 4 shows that integrating a spectral control strategy for
recycling the low energy photons is the next most important
barrier to improving the efficiency of the cells/modules. In
Fig. 4, we have quantified the system efficiency as a function
of the BSR reflectivity for the three base cases. For the real
InGaAs cell with FSE = 12.4% at Ty = 3250 K, it can be seen that
increasing the BSR reflectivity from 0 (no BSR) to 1 results
in >2x increase in efficiency. Thus, it is clear that integrating a
high reflectivity BSR can have a dramatic effect on increasing
the overall power cycle efficiency.

Here, it is worth noting that the Internal Fluorescence
Efficiency (nrg) which is the ratio between the radiative recom-
bination rate (Upagiative) and the total recombination rate in the

Umdiative

cell (Unon—radiative + Uradiative)a e, NFg = U T U )
non-radiative radiative

quantifies the degree of non-radiative recombination losses in
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Fig. 4 Effect of BSR reflectivity on TPV efficiency.
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the TPV cell.'*”'%® Throughout this study, in calculating the
upper limiting efficiency for the power block it has been
assumed that radiative recombination is the dominant recom-
bination channel in the TPV cell. However, practically, parasitic
photon absorption in non-photoactive layers of the cell and
non-radiative recombination can strongly affect the TPV cell’s
performance depending on the doping level, fabrication process,
cell bandgap, and injection level or excess carrier concentration.
The reduction of the open circuit voltage due to non-radiative
recombination and parasitic photon absorption losses can be
related to the External Luminescent Efficiency (qggg), *>""
which quantifies the fraction of internally emitted photons that
are ultimately able to escape through the front surface of the TPV
cell.’®” 1% The cell architecture and consequently #gps play an
important role on the overall efficiency of power block, which
should be taken into account when estimating the effects of
non-radiative recombination in an actual cell. It has been
shown, however, that improved cell level optical management
can decrease the gap between #rg and 7gpg.'°*% For example,
a very high BSR reflectivity can significantly increase the cell
Nerg, thereby decreasing the gap between g and #gpg.'*"%°
Therefore, high BSR reflectivity is extremely important, because
it not only has the impact illustrated in Fig. 4, but it can also
significantly affect the cell performance.

Lastly, it is important to realize that if these first two
strategies are implemented, namely that large system sizes are
constructed and a high reflectivity BSR is integrated, the priorities
for further optimization change. For example, when considering
the real cell data used,* the EQE between 0.4-0.87 microns drops
well below 60%. For a cell with no BSR these photons represent
such a small fraction of the power output, they might be viewed
with little priority. However, when one integrates a BSR, the
priorities for further optimization change, and the path to further
increasing efficiency involves maximizing the collection (EQE) and
voltage associated with the photons with energies significantly
above the band gap. This might then suggest that further optical
filtering, or multiple junctions could provide some additional
benefits. For example, consider the results for the idealized case
2, in Fig. 3 and 4 which reach 59% at a large scale and high BSR
reflectivity. With an efficiency of 59%, it becomes interesting to
consider what is responsible for the remaining (~41%) of the
energy loss during conversion. There are three losses that
contribute to the remaining ~41%, namely the voltage drop
and fill factor loss (23%), and the thermalization loss (18%).
The first loss is strongly a function of the operating tempera-
ture of the cell and is unlikely to be overcome, unless the cell is
somehow actively cooled below the ambient temperature, which
would require a parasitic power draw that would reduce the net
efficiency. The fill factor loss is affected by cell’s resistance, which
could potentially be improved through optimization, but would
depend on the details of a given cell. Thermalization losses,
however, account for almost half of the remaining 41%, and in
concept, this loss can be further reduced by situating the cell
optically in series or adding more junctions to extract the energy of
higher energy photons first, as is commonly done in multi-junction
PV Cells‘81,1107112
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To roughly estimate how much additional benefit could be
obtained by using different materials with different band gaps
in series, the simplest approach would be to situate the cells
optically in series, but treat them as electrically independent.
This is because multi-junction cell optimization includes many
additional considerations."*® Nonetheless, to provide an approx-
imate picture of how much could be gained by adding a top cell
with a higher band gap and the InGaAs cell in tandem, we have
computed the overall efficiency of a system with two cells for
cases 2 and 3. Fig. 5 shows that there is an optimum bandgap
(Eqz ~ 0.94 eV) for the top material that yields the maximum
efficiency. This optimum occurs because of the relative trade-off
between thermalization losses in the bottom cell (InGaAs cell) vs.
the fictitious topping cell. The addition of this second
TPV cell increases the overall efficiency by an additional 5%
indicating that the potential exists to cross the critical barrier
of 60%"*'" and conceptually, additional materials could
increase this even more.

The significance of the 60% barrier is important, because
it represents the highest heat engine efficiency that has ever
been achieved commercially, which is accomplished through
the usage of a tandem/combined (Brayton + Rankine) turbine
based cycle. Turbomachinery based heat engines are the most
efficient and cost effective heat engines at present and are
therefore the most widely used devices in the utility-scale power
generation industry. Their costs are well-established and unlikely
to see significant decreases in the future, and their performance
is limited by thermodynamics - which is fundamental. Henry
and Prasher,® for example, have shown that turbines currently
operate very close to their fundamental thermodynamic limits
and thus there is little room for significant improvement, other
than increasing the operating temperatures. From this perspec-
tive, it is then quite remarkable to note that TPV may have the
potential to one day reach the same or possibly higher perfor-
mance than a combined cycle. Unlike, turbine engineering,
which has been highly successful over the last few decades
and has already capitalized on most opportunities for further

100
—— EQE=1,V =V, T e = 300K
80 Eg =0.74 eV
T, = 1750K
<Y
8 ok
S
8} 64
5 _
0 40} 2
&= 9
1 8
o
£ 60
20 r
58
08 10 12 14 16 18 20
0 . L L 91 L L
0.8 1.0 1.2 1.4 1.6 1.8 2.0

Eq

Fig. 5 System efficiency for a dual junction TPV cell. The inset shows the
peak in efficiency at 0.95 eV.
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advancement, TPV has much more room for improvement.
Thus, it is remarkable to consider TPV as an alternative power
cycle for CSP or grid scale storage applications, particularly
given its potential to cost 2-10x less than a turbine. Further-
more, it is interesting to consider the additional advantages
associated with using a TPV power cycle at the utility scale. For
example, one could imagine arranging the TPV cells in such a
way that that they can be mechanically moved into and out of
view of the emitter. In this way, one could control the output of
the system and shift from zero to full load within seconds,
which could allow for load following of other renewables,
providing the grid with great flexibility.

Conclusions

In this paper, we modelled a TPV system that receives heat from
a TES system and thus, has the potential to provide dispatch-
able electricity. The usage of a liquid metal heat transfer fluid
such as Sn and a TES system based on Si is critical to enabling
the heat delivery. The system level analysis then enabled
identification of the most important design parameters that
affect the overall power cycle system efficiency. The results
suggest that amongst the major steps towards improving the
efficiency of a TPV system, building systems at sufficiently large
scales and integrating a high reflectivity BSR are the most
important and significant improvements one can make. The
next most important improvement, assuming the first two
improvements are implemented, is increasing the EQE for
photons above the band gap and possibly using multi-junction
or multiple TPV cells arranged optically in series to reduce
thermalization losses. If these strategies are implemented, the
model remarkably shows that TPV may have the potential to
reach/exceed the efficiencies of combined cycles (~60%). Lastly,
one of the most important benefits that could be derived from
using TPV as opposed to a mechanical heat engine, is cost. Turbine
costs are well-established and are in the range of $1-2 W™, with
no pathway for order of magnitude improvements. However,
TPV cells, if fabricated on reusable substrates and produced at
high volume have a pathway to reach costs an order of magni-
tude lower (~$0.1 W™ '). Such a major cost reduction could
make renewable technologies such as CSP more competitive
with fossil fuel alternatives and therefore deserve further study
and examination.

The system that was modelled shows great potential, but will
require further technological advancements to be realized.
Most notably, initial laboratory scale demonstrations of all
ceramic circulation loops have been recently demonstrated
(publications in progress), including pumps, valves and mate-
rials testing to verify the absence of material degradation/
chemical interaction at such high temperatures. Nonetheless,
further testing and larger scale demonstrations are needed.
Demonstrating that light can be efficiently concentrated and
converted to heat in a receiver at such high temperatures is still
needed/ongoing, but initial models suggest high efficiencies
(80-90%) are attainable.'*® Nonetheless, there is strong evidence
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to suggest that the thermal side of the system analysed herein
can be realized and will be cost effective, which is what initially
prompted this investigation.

More development is also needed on the side of the TPV
cells/modules. First, it is important to demonstrate that such a
high efficiency is possible, by re-engineering cells/modules to
include a high reflectivity BSR, and the cells must be optimized
to leverage this by placing the strongest emphasis on above
band gap EQE, rather than lowering the band gap to convert a
greater portion of the spectrum. It may also be advantageous to
investigate the benefits of multi-junction TPV cells and it will
be important to consider series resistance issues in the design
of optimized cells. This, however, would require a dedicated
effort that is focused on the cell/module level priorities, which
should be dictated by the larger system level performance model.
Lastly, an absolutely imperative step towards making the outlined
approach viable, is reducing the cell/module cost to the order of
$10000 m 2, Reaching this cost target has yet to be demonstrated,
but seems feasible if an approach that involves reusable substrates
is employed, which has been demonstrated.®>”> Overcoming all of
these challenges would require a major research and development
(R&D) effort sustained over many years, but it is important to
keep in perspective that such efforts have been pursued for other
heat engine technologies, namely turbines. However, the key
distinction between turbines and the system analysed herein is
the potential room for improvement. Turbomachinery based
heat engines have minimal prospects for further improvement,
while TPV has several potential avenues for improvement, and
therefore to justify such a large R&D effort, it is useful to outline
what is possible, as has been undertaken in the present study.
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