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Summary

A total-spectrum-utilizing integrated photovoltaic (PV), thermoelectric (TEG),

and thermal energy storage fluid (TES) solar energy converter (PV-TEG-TES)

with novel device architecture is proposed, and its performance is modeled to

demonstrate its viability and optimize its system-level design. By incorporating

a top-layer GaAs PV, ultraviolet and visible light is absorbed and converted

directly to electricity, while infrared radiation passes through the PV. This

infrared radiation is then captured by the TEG and TES layers to supply addi-

tional electricity or to be stored as thermal energy. In addition, the TEG con-

verts to electricity otherwise wasted heat from thermalization of photons

within the PV layer, and the TES effectively cools the PV, keeping it within

adequate operating temperatures. According to analysis predicting upper

bound performance, this PV-TEG-TES device can outperform the electrical

conversion efficiency of a single GaAs solar cell module by 1.9 percentage

points (from 24.1% for PV alone to 26.0% for the combined device, a relative

7.9% improvement), and can convert and store a total of 79.3% of incident solar

energy under a concentration ratio of 673 suns per direct solar spectrum. An

analytical framework using a successive overrelaxation technique for solutions

to the nonlinearly coupled radiative, thermal, fluid, and electrical phenomena

in such a PV-TEG-TES device is also discussed, offering a starting point for

practical device parameters.
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1 | INTRODUCTION

1.1 | Device motivation

Global energy use is an increasingly crucial concern
due to its resulting environmental and geopolitical

issues. To mitigate these issues, development of clean,
safe, and sustainable energy resources is in great
demand, prompting much exploration of solar energy
harvesting technologies. The two most common solar-
electric power conversion technologies—photovoltaic
solar cells (PV) and concentrating solar thermal power
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(CSP)—each have unique advantages and disadvan-
tages. Individual PV panels utilize only a fraction of the
solar spectrum, resulting in relatively low conversion
efficiency; for comparison, the best monocrystalline-
based solar cells on the market today are around 22%
efficient.1 Solar spectrum utilization is increased using
stacked “multijunction” solar cells with progressively
lower band gaps, which have been shown to be up to
47% efficient,2 but this layering increases material, fab-
rication, and ultimately module costs, and may make
these modules prohibitively expensive.3 In addition, PV
cells alone lack inherent energy storage capability,
prohibiting electricity production while not illuminated
(during cloud cover, night, etc.). Concentrating mirrors
or lenses have been implemented to reduce the amount
of expensive semiconductor material used in highly effi-
cient multijunction cells, thereby reducing the ratio of
cost to power. However, concentration leads to high
heat dissipation in the cells, degrading their perfor-
mance and leaving much energy wasted in the form
of heat.

Concentrating solar thermal power technologies
focus and convert sunlight to heat, using a heat engine
to convert this thermal energy to electricity, generally
through Rankine4,5 or Brayton cycles.6 Unlike most PV,
CSP thus has the capability to capture the entire solar
spectrum, but due to high upfront and infrastructure
costs CSP is generally a less economically viable
option.7 Further, CSP often incorporates inherent (ther-
mal) energy storage which can be dispatched when the
sun is not shining, a time coinciding with peak electric-
ity demand.8 Overall, CSP suffers from relatively low
solar-electrical conversion efficiency, and high costs.
New PV and CSP designs are thus required to meet the
industry demand.

Though a far less ubiquitous form of energy conver-
sion, the development of thermoelectric materials and
generators has been advancing rapidly in recent years
and could offer solid-state, maintenance-free, reliable
power generation from waste heat sources.9-12 Thermo-
electric generators (TEG) typically consist of pellets of n-
and p-type doped material connected electrically in series
and thermally in parallel, whereby increasing the num-
ber of pellet pairs, the operating voltage of such a device
can be increased. Exploring hybrid solar-thermoelectric
energy generation systems (STEGs) is not a new con-
cept.13-15 For solar energy conversion, STEGs are often
utilized in conjunction with PV or concentrators are
applied. The inherently low efficiencies of STEGs com-
pared to PV limit their lone use in large-scale solar
energy harvesting, but their ability to recover waste heat
is an added benefit.

1.2 | System design

To augment the strengths and mitigate the weaknesses of
PV, CSP, and STEG technologies, here we propose a sys-
tem to achieve efficient solar energy conversion through
the integration of photovoltaics, thermoelectric genera-
tors, and thermal energy storage fluid (PV-TEG-TES).
This system has: direct solar-electrical conversion, inher-
ent energy storage, and high-concentration total solar
spectrum utilization, while also capturing PV waste heat,
and maintaining PV operational temperatures with reli-
ance on minimal moving parts—only a solar tracker and
fluid pump would be required for such a device. Although
other hybrid solar energy conversion systems have been
proposed and studied such as PV-TEG16 and PV-TES
systems,17 we present a novel PV-TEG-TES device archi-
tecture incorporating state-of-the-art materials.

Figure 1A illustrates the proposed device layer by
layer. A single layer photovoltaic solar cell captures
incoming visible and ultraviolet light, while the thermal
energy storage fluid (TES) and thermoelectric generator
capture the infrared component of the solar spectrum,
resulting in full solar spectrum utilization by this PV-
TEG-TES system. To enhance the temperature difference
across the TEG, a thick insulation layer and cooling fluid
are designed on opposite sides of the TEG. This arrange-
ment keeps one side hot, and the other cool, increasing
TEG electrical generation. Highly thermally conductive
25-μm thick interlayers are located on either side of the
TES layer to facilitate cooling of the solar cell and TEG
cold side; the TES fluid stores waste heat and maintains
the PV at a suitable operating temperature. This stored
thermal energy could be used, for example, for dis-
patchable electricity generation, water desalination, or
industrial or domestic process heat.

Systems combining PV and TEG typically place the PV
and TEG adjacent to one another such that the hot side of
the TEG is in direct contact with the PV, and the TEG is
cooled on its side opposite the PV (see Reference 15 for
example). This arrangement aims to directly convert PV
waste heat to electricity, but limits the temperature differ-
ence across the TEG to the difference between the allow-
able temperature of the solar cell (typically around 100�C
maximum) and ambient temperature for a typical temper-
ature difference of—if perfectly cooled—around 80�C
across the TEG. This device architecture also loses much
heat from the PV and TEG to the environment. In short,
the typical arrangement for PV-TEG systems severely
limits the performance of the TEG.

To decouple the temperature requirements of the PV
and TEG, we propose a novel system architecture with the
PV and TEG separated by the TES layer. By putting the
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TES fluid between the PV and TEG, the TES cools the PV
and TEG cold side, taking away and storing waste heat
from each. Further, the asymmetry in thermal resistance
across the TEG (high heat removal on the TES side of the
TEG; high insulation on the hot side) causes the solar
absorption and joule heating in the TEG to create a larger
temperature gradient across the TEG than in typical PV-
TEG systems. Since the PV and TEG are separated by the
TES, this configuration allows the cold side of the TEG to
go up to the maximum temperature of the PV/fluid tem-
perature, while the hot end of the TEG can rise in tempera-
ture as much as is allowed by the TEG materials without
concern for degrading PV performance.

1.3 | Modeling motivation

The performance of the system is calculated by analysis
of coupled radiative, thermal, fluid, and electrical equa-
tions using matrix inversion and a successive over-
relaxation technique for convergence.

Because most PV-TEG devices place the TEG in direct
conductive contact with the PV, the temperature profile
throughout the TEG is not of high importance as the
TEG remains much cooler than its melting temperature.
However, this PV-TEG-TES device creates a large tem-
perature difference across the TEG to maximize power
generation. To this end, we tweak device parameters con-
strained by TEG melting temperatures, and TES boiling
point. Because solar heating and volumetric joule heating
exist in our TEG layer, the peak temperature in the TEG
actually occurs in the bulk of the device near the “hot
side,” but not at the “hot side” edge. Our detailed

modeling framework allows for predicting the maximum
TEG temperature in the bulk of the device, and enables
quick parameterized study of material data to assess
device performance.

System modeling indicates promising upper bound
performance, showing a 1.9% system electrical efficiency
conversion gain over solar cells alone, a relative 7.9%
improvement. The system can convert and store a total of
79.3% of incident solar energy under a concentration
ratio of 673 suns per direct solar spectrum, a concentra-
tion chosen to optimize device performance considering
optimal TEG operating temperature range and TES boil-
ing temperature.

In short, we present a novel PV-TEG-TES device
architecture, showing its viability and performance char-
acteristics. Our detailed modeling framework allows for
optimizing device characteristics within constraints of
TES boiling temperature and TEG melting temperature.

2 | MULTIPHYSICS MODELING

2.1 | Model overview

In this section, we present our mathematical approach to
modeling the complex interacting phenomena in a PV-
TEG-TES system. The following subsections describe
layer-by-layer the relevant equations, input data, model
simplifications, and numerical techniques required to
obtain meaningful quantitative performance characteris-
tics of this system. These detailed subsections are
included to show exactly what is being modeled, how the
device layers interact, and the coupling between different

FIGURE 1 Overview of system design and model. (A) Schematic of proposed PV-TEG-TES device. (B) System modeled as 1-D series-

connected slabs 1 through N, where Ti is the temperature, ki is the thermal conductivity, and _qi is the heat generation rate in layer i.

(C) Modified system layer at the TES boundary, where solid–fluid thermal transport conditions replace solid slab modeling

FARRAR-FOLEY ET AL. 5733
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variables (eg, temperature, TEG electrical current, and
internal heat generation).

2.2 | Mathematical approach

A comprehensive modeling framework coupling analyti-
cal and numerical modeling techniques is developed for
this PV-TEG-TES device to solve heat transfer equations
capturing nonlinearly coupled thermal, radiative, fluid,
and electrical phenomena for a multi-layer structure, as
in Figure 1B, to assess the overall system performance.
Each layer is treated with different boundary conditions,
heat generation terms, and thermal properties. To retain
as much thermal energy as possible, all external sides
along the thickness of the system are designed to be ther-
mally insulated. Hence, in-plane temperature gradients
are negligible, and the heat transfer model can be simpli-
fied to a one-dimensional analysis.

Heat conduction in solids can be described by the
thermal diffusion partial differential equation:

ρCp
∂T
∂t

¼r� krTð Þþ _q ð1Þ

where ρ is density, Cp is specific heat, T is temperature, t
is time, k is thermal conductivity, and _q is the volumetric
heat generation rate.

In one-dimensional steady-state operation with con-
stant properties, the exact solution of the thermal diffu-
sion equation in each layer can be written as:

Ti xð Þ¼� _qi
2ki

x2þCi1xþCi2 ð2Þ

where i is the layer index, x is the global position coordi-
nate, and Ci1 and Ci2 are two unknown constants in each
layer determined by boundary conditions.

As Figure 1B shows, the boundary conditions be-
tween two neighboring solid layers i and i + 1 are:

A temperature match condition at each solid-solid
layer interface:

Ti ¼Tiþ1 ð3Þ

A heat flux match at each solid-solid layer interface:

ki
dTi

dx
¼ kiþ1

dTiþ1

dx
ð4Þ

At solid-fluid boundaries such as the external device-
to-ambient air boundaries, and at internal solid-TES fluid
boundaries, the heat flux match condition becomes:

∓ki
dTi

dx
¼ h Ti�Tf

� � ð5Þ

where the sign, ∓ , depends on the whether the interface
is solid-to-fluid or fluid-to-solid in the direction of
increasing x-coordinate; Tf is the average or bulk fluid
temperature; and h is the appropriate heat transfer coeffi-
cient. For device-to-ambient convection, h is correlated
with orientation-dependent Nusselt number, NuL, which
is a nonlinear function solely of temperature-dependent
Rayleigh number, RaL:

RaL ¼ gβ
νfα

Ts�T∞ð ÞL3 ð6Þ

where g is the acceleration due to gravity, β is the fluid's
coefficient of thermal expansion, νf is the fluid's kine-
matic viscosity, α is the fluid's thermal diffusivity, Ts is
the temperature of the surface, T∞ is the ambient fluid's
bulk temperature, and L is the characteristic length, area
divided by perimeter. Here we assume a horizontal
heated plate geometry, corresponding to the situation
where the device is oriented facing exactly upwards
towards the sun such that the top and bottom faces
are parallel to flat ground. The sun-facing side of the
device is modeled as the upper surface of a heated
plate; the ground-side face of the device is modeled as the
lower surface of a heated plate. Note the nonlinear tem-
perature dependence of NuL on RaL requires an iterative
technique to solve for temperature throughout the
device.

For internal solid-fluid boundaries as seen in
Figure 1C between the device and internal TES fluid, h is
correlated with Nusselt number, NuD, and Reynolds
number, ReD:

NuD ¼ hDh

kf
ð7Þ

ReD ¼ uDh

νf
ð8Þ

where kf is the thermal conductivity of the internal fluid,
νf is the kinematic viscosity of the fluid, u is the average
velocity of the fluid calculated from the mass flow rate _m,
and Dh is the hydraulic diameter of the channel, twice
the channel thickness. For laminar flow at ReD <2300,
NuD ¼ 7:541 as calculated for fully-developed flow with
constant wall temperature. For turbulent flow at
ReD >2300, a correlation of NuD ¼ f ReDð Þ is calculated
from linear fitting of Burmeister data for fully-developed
turbulent flow.18

5734 FARRAR-FOLEY ET AL.
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A power balance on the fluid layer with layer index f
can be written as:

�kfþ1Afþ1
dTfþ1

dx
¼�kf�1Af�1

dTf�1

dx
þ _qf ,abs� _qrem ð9Þ

where the heat leaving the fluid layer through the fluid-
solid boundary with solid layer f þ1 is equal to what
enters the fluid through the solid-fluid boundary with
solid layer f �1, plus _qf ,abs, the total solar energy absorp-
tion rate in the fluid layer (discussed in the Solar Absorp-
tion and Heat Generation section) and _qrem, the total rate
of heat removal by the fluid due to advection:

_qrem ¼ _mCp Tout�T inð Þ ð10Þ

where _m is the mass flow rate of the fluid, Cp is the spe-
cific heat of the fluid, and T in and Tout are the average
fluid temperatures at the inlet and outlet, respectively.

2.3 | Thermoelectric generator layer

The TEG layer is treated as a solid layer with specialized
boundary conditions and heating terms in order to
account for the thermoelectric effect and electrical resis-
tive heating. In this model, only the Seebeck Effect and
Peltier Effect components of the Thermoelectric Effect
are considered; in order to reduce complexity and due to
its relatively negligible effect, differential treatment of the
Thomson Effect is ignored.

A TEG module (of which the model's TEG 1-D layer
comprises many) creates a voltage:

V ¼�Spn,eff Tbot�Ttop
� � ð11Þ

where V is the voltage; Spn,eff is the effective Seebeck
coefficient of the module; and Ttop and Tbot are the top
and bottom boundary temperatures of the TEG layer.
The “effective” Seebeck coefficient is the summation of
each TEG PN pellet pair's Seebeck coefficient within a
TEG module. The sign, �, of (11) depends on the PN
semiconductor junction orientation of the TEG. To pre-
dict an upper limit of efficiency, thermal and electrical
contact resistances, as well as convection between TEG
pellets, are ignored.

The TEG layer consisting of M modules thermally in
parallel and electrically in series then has electrical cur-
rent, I, of:

I¼ Total voltage
Total resistance

¼�MSpn,eff Tbot�Ttop
� �

MRelecþRload
ð12Þ

where M is the number of thermoelectric modules that
fill the cross-sectional layer area of the PV-TEG-TES
device; Relec is a module's internal electrical resistance;
and Rload is the load's resistance.

The volumetric heating term in the TEG layer, _qTEG,
includes the volumetric solar absorption term _qTEG,abs
and electrical resistive heating term as a function of
current:

_qTEG ¼ _qTEG,absþ
I2MRelec

ATEGdTEG
ð13Þ

where ATEG and dTEG are the total cross-sectional area
and thickness of the TEG layer, respectively.

The temperature match at the solid-TEG interfaces
follows (3). Applying a heat match boundary condition at
the solid-TEG boundary, the heat absorption/generation
term at each side of the TEG is considered as shown in
(14), where again the sign, �, of the thermoelectric term
depends on the device orientation19:

�kiAi
dTi

dx
¼�kiþ1Aiþ1

dTiþ1

dx
�MISpn,effT ð14Þ

Note that the area, A, of a solid layer is larger than
the area of a TEG module due to gaps between TEG pel-
lets. The TEG's relative decrease in area serves as a ther-
mal concentrator, increasing the temperature difference
across the TEG.

The useable electrical power generated by the TEG, P,
can be found by:

P¼MISpn,eff Tbot�Ttop
� �� I2Relec,tot ¼ I2Rload ð15Þ

where MISpn,eff Tbot�Ttop
� �

is the total series TEG volt-
age times current, minus internal electrical loss,
I2Relec,tot, which gives the power delivered to the load,
I2Rload. Note that due to temperature-dependent current,
and nonlinearly current-dependent temperature, temper-
ature calculations throughout the device require an itera-
tive approach.

2.4 | Solar absorption and heat
generation

To calculate the heat generation term, _qi, in each layer,
the model takes solar spectrum data and a concentration
factor by which the sun's radiation is magnified. To
ignore the complexities of optics and to estimate an upper
limit of efficiency, concentrator losses are ignored (dis-
cussed further in the Solar Concentrator and Tracker

FARRAR-FOLEY ET AL. 5735
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section). For this analysis, the standard Air Mass 1.5
Direct Spectrum (AM1.5D) is used as the input solar
spectrum for the PV-TEG-TES device, multiplied by a
solar concentration factor of 673 to maintain tempera-
tures within optimal TEG operating temperature range,
and below TES boiling temperature.

For each layer in the device, a wavelength-dependent
spectral absorption coefficient αi λð Þ is used. Reflection,
scattering, and emission are not considered to eliminate
complexity and predict upper bound performance.
The remaining spectral intensity of radiation, Iλ,i,
immediately after passing through layer i, is given by
applying a wavelength-dependent version of Beer's law,
where:

Iλ,i ¼ Iλ,i�1e
�αi λð Þdi ð16Þ

where λ is wavelength, and αi λð Þ and di are the spectral
absorption coefficient and thickness of layer
i respectively. The calculated spectral intensity remaining
after passing through each layer based on the spectral
absorption coefficient in Figure 2A is shown in
Figure 2B.

The volumetric heat generation term in each layer
can then be calculated from how much radiant power a
given layer absorbs across all incident wavelengths. The
volumetric heat generation term in layer i, _qi, is calcu-
lated as a summation over all wavelengths of: the
absorption fraction at each wavelength multiplied by
the spectral intensity remaining from the previous layer,
Iλ,i�1, multiplied by the spectrum's wavelength data
interval, dλ, multiplied by the layer's area, divided by
the layer's volume, where di is the layer thickness.
Stated as an equation, the volumetric heat generation
term in layer i is:

_qi ¼
1
di

X
λ

1� e�αi λð Þdi
� �

Iλ,i�1dλ ð17Þ

2.5 | PV layer solar absorption

The device design uses a sufficiently thick PV layer such
that all in-band light is absorbed. The PV layer absorption
calculation uses the PV layer's bandgap as an energy cutoff,
whereby all incident photons with energy at or above the
bandgap are absorbed. For each photon absorbed, energy
equal to the bandgap is converted to electricity and all
excess absorbed energy is converted to heat as a model of
photon thermalization. Any photons with energy below the
PV bandgap are transmitted to the next layer. In our model-
ing, an energy loss factor of 46.1% is used based on the typi-
cal performance of a GaAs PV module, capturing efficiency
loss due to electron-hole recombination, internal resistive
losses, and further electrical loss.1 Because the PV is the first
layer in the device, it behaves optically as an independent
PV module would. Thus, the inclusion of this loss factor
allows for comparing the PV-TEG-TES device as a whole to
an independent PV module with equal performance.

2.6 | Solar concentrator and tracker

An energy conversion device relying on high heat fluxes
produced by focused sunlight requires concentrating
optics and dual-axis sun tracking to ensure capturing the
maximum heat flux for maximum power production and
efficiency. Concentrating optics may take the form of
mirrors or lenses, and the tracker options are varied.
These optical concentrators and trackers are inherently

FIGURE 2 Model input and algorithm. (A) Spectral absorption coefficient of different materials. (B) Remaining solar spectrum after

transmitting through different layers, indicating utilization of the full solar spectrum. (C) Flow chart of the iteration framework

5736 FARRAR-FOLEY ET AL.
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three-dimensional, and result in spatially-varying illumi-
nation and heating both by design and due to optical
aberrations (concentrators typically produce an illumina-
tion profile diminishing from a central focal point).

However, due to the complex nature of interacting
heat conduction, convection, radiation, and electrical and
fluid flow phenomena present in a PV-TEG-TES device,
and considering the sides of such a device would be insu-
lated to mitigate heat loss (eliminating temperature gra-
dients in two dimensions), our paper models these
phenomena with a one-dimensional approach, allowing
for detailed parametric analysis.

A one-dimensional factor mimicking losses due to
three-dimensional optics could theoretically be included
for this PV-TEG-TES model but any efficiency losses it
creates could merely be cancelled out by increasing its
concentration factor. One could also include spectral
absorption losses in the optical concentrator, but these
details would be minor compared to the effects of fully
modeling the concentrator with three-dimensional ray
tracing, requiring a three-dimensional heat transfer
model as well.

Likewise, while the power consumption of the
required motors and programmable logic controllers for
dual-axis solar tracking could be a significant percentage
of overall device power generation for non-concentrating
photovoltaics, this percentage of generated power would
be divided by roughly the solar concentration factor and
is thus considered negligible for our highly-concentrating
system.

Concentrator-induced spatially-varying illumination
in photovoltaics could alter device performance as more
highly illuminated areas of the cells will generate more
power. To mitigate performance loss, photovoltaic layers
could be broken up into smaller cells and wired together
to match current or voltage of other similarly illuminated
cells. While our device model does not account for
spatially-varying illumination, it should be noted that our
one-dimensional concentration factor would be the aver-
age concentration of two-dimensional spatially-varying
illumination.

Considering all the above factors, for our detailed
one-dimensional model which allows for exploring device
parameters, optics and tracking are considered outside
the scope of this paper.

Further, one of the simplifying assumptions of our
one-dimensional modeling approach is that solar absorp-
tion and joule heating are uniform throughout the vol-
ume of the TEG, allowing a temperature gradient to form
in the TEG due to thermal resistance asymmetry (low
thermal resistance at the cold side, high thermal resis-
tance at the hot side). This temperature gradient could be
enhanced by using optics to direct solar radiation further

towards the hot side of the TEG for absorption, which
would lead to a larger temperature difference across the
TEG, improving overall device performance. As a result,
we consider our assumption of uniform volumetric
heating in the TEG a slightly conservative assumption.

2.7 | Iterative solution

Despite the linear nature of conduction heat transfer and
the generally linear framework of this simulation, due to
the nonlinear temperature-dependent external heat
transfer coefficients, and nonlinear coupling between
temperature and electrical current in the TEG layer, the
governing equations of this system must be solved via
iterative technique as illustrated in Figure 2C. The
boundary conditions (3), (4), (5), (9), (10), and (14), along
with supplemental equations for heat transfer coefficients
represent 2N equations for the 2N coefficients Ci1 and Ci2

in (2) for N device layers. Once the coefficients are deter-
mined, the exact solution for the temperature distribution
in each layer is given by (2). This model uses matrix
inversion with a successive overrelaxation technique to
solve for the coefficients and ensure solution conver-
gence. While solving for TEG electrical current using the
successive overrelaxation technique, a residual r is
defined as the difference between the directly calculated
current per (12), Inew, and the previous iteration's calcu-
lated current, Iold:

r¼ Inew� Iold ð18Þ

The new current used for the next iteration's tempera-
ture calculations, Inew, is then calculated as:

Inew ¼ Ioldþwr¼ 1�wð ÞIoldþwInew ð19Þ

where w is a weighting factor applied to the residual. A
residual weighting of 0.001 is used to avoid solution
instability caused by electrical current changing signifi-
cantly each iteration and to ensure solution convergence.
Solution convergence is defined by heat transfer coeffi-
cients changing by no more than 0.01% per iteration, and
TEG electrical current changing by no more than 10�5%
per iteration (discussed further in the Error Tolerance
and Analysis section).

2.8 | Material selection

The proposed device materials are shown in Table 1. To
best assess an upward bound of performance for the pro-
posed PV-TEG-TES system, state of the art materials are

FARRAR-FOLEY ET AL. 5737

 1099114x, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/er.7518 by U

niversity of C
alifornia - Los A

nge, W
iley O

nline Library on [12/11/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



considered without concern for their associated costs. In
Table 1, the thickness of each layer, fluid mass flow rate,
and optimal TEG loading is optimized by parameter
sweeping, which is discussed in the Final Design section.

2.9 | Photovoltaic module

The photovoltaic module is the primary driver of electri-
cal energy conversion in the device, and therefore its goal
is to convert the largest portion of the solar spectrum into
electricity as possible without otherwise reducing device
performance. For single-junction photovoltaic cells oper-
ating under the AM1.5 solar spectrum, there exists a the-
oretical maximum efficiency known as the Shockley-
Queisser limit,20 found by performing a detailed balance
analysis on a single-junction photovoltaic cell. For an
ideal solar cell, this maximum efficiency is approximately
33.7%, and occurs for a photovoltaic cell with a bandgap
of 1.34 eV. Thus, to maximize efficiency for our device,
we chose a type of photovoltaic cell with a bandgap close
to this Shockley-Queisser limit, that is, GaAs with a
bandgap of 1.42 eV.

The selection of photovoltaic material/bandgap is a
choice between absorbing more solar radiation, and
absorbing less solar radiation but doing so more effi-
ciently. That is, a lower bandgap photovoltaic absorbs
more sunlight (more photons with energy at or above
its lower bandgap are absorbed), but absorbs sunlight
less efficiently (photons with energy above its bandgap
have their excess energy converted to heat). In con-
trast, a higher bandgap photovoltaic absorbs less

sunlight (more photons with energy below its higher
bandgap are transmitted), but absorbed photons are
converted to electricity more efficiently (there is less
excess photon energy above the bandgap to convert to
heat). In our choice of GaAs we seek to maximize effi-
ciency by finding the balance between these competing
phenomena.

Likewise, our device could have used a more ubiqui-
tous silicon photovoltaic cell, which has a lower bandgap
than GaAs (silicon: 1.12 eV), meaning it would absorb
more solar radiation, but it would also convert more of
the absorbed energy directly into heat. Our device does
collect heat, however, a lower bandgap cell would lose
some of this heat directly to the environment, and limit
the amount of solar radiation that reaches the TEG.
Overall, a lower bandgap PV limits the total conversion
efficiency of this device, so we have chosen GaAs.

Also, note that GaAs transmits much solar radiation
(photons with energy below its bandgap) that would be
wasted in an individual photovoltaic device. However, in
a PV-TEG-TES system, this transmitted energy is cap-
tured by the TES and TEG layers, adding to the overall
device heat absorption/efficiency, mitigating photovoltaic
transmission losses, and allowing for high absorption
across the solar spectrum.

Our specific choice of a GaAs module is based on a
world record GaAs single junction device made by Alta
Devices at 28.8% efficiency for the cells, which reduces to
24.1% efficiency for the module as a whole.1,2 With a
bandgap of 1.42 eV near the Shockley-Queisser limit, our
chosen GaAs module transmits primarily infrared
radiation.

TABLE 1 Material properties and model inputs

Layer material PV (GaAs), Interlayer 1 (Sapphire), Internal Fluid (Water), Interlayer 2 (Sapphire),
TEG (PbTe/SnSe), Insulation layer (Silica aerogel)

Layer thicknesses 0.5, 0.025, 0.05, 0.025, 3, 75 mm

Thermal conductivities 52, 27, 0.596, 27, 0.725, 0.01 W/(m�K)
Device width and length 10 cm

PV bandgap 1.42 eV

PV loss factor 46.1%

TEG fill factor (ATEG/ATotal) 0.44

TEG Seebeck coefficient per pellet pair 7.3 � 10�4 V/K

TEG electrical resistivity 2.7 � 10�4 Ω�m
TEG load resistance 195 Ω

Fluid inlet temperature 20�C

Mass flow rate 1.02 � 10�2 kg/s

Fluid specific heat 3.993 kJ/(kg�K)
Solar concentration 673 Suns

Solar spectrum AM1.5D (Direct normal irradiance)
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2.10 | Thermoelectric generator modules

Informed by the results of the predicted temperatures
experienced across the TEG, the TEG itself is made of
P-type hierarchically structured and doped bulk scaled
PbTe with SrTe,21 and N-type SnSe,22 which represent
state of the art materials for a mid-grade temperature
regime,23 able to operate within a range of 750 to
900 K with a figure of merit, ZT, greater than 2. These
TEG semiconductors are expected to absorb the
majority of any radiation remaining after the photo-
voltaic layer. Since this modeling framework is one-
dimensional, the TEG layer uses only one material's
absorption data, that of PbTe.24 In optimizing the sys-
tem for maximum temperature difference across the
TEG, the melting temperature of the thermoelectric
materials is also a key parameter informing material
selection.

2.11 | Thermal energy storage fluid

Our choice of water for the TES fluid is due to its rela-
tively low absorption of the visible and near infrared
spectrums through a thin channel (allowing solar energy
to reach the TEG), its ubiquity (allowing for broad appli-
cation and low cost), compatibility with common pumps,
sufficiently high thermal conductivity, and sufficiently
high boiling point (100�C, high enough to permit high
solar concentrations, and close to typical maximum oper-
ating temperatures of PV cells). Our choice of water per-
forms as needed without limitation; it does not add
concerns for costs, chemical handling, specialized
pumps/equipment, or other constraints that may come
with more exotic fluids. In short, water meets all perfor-
mance requirements with virtually no drawbacks. We
found little need to investigate other fluids for this
application.

2.12 | Interlayers and insulation layers

After the PV cell, a sapphire interlayer is chosen for its
high thermal conductivity and relative transparency to
infrared radiation. The next interlayer is also made of
sapphire for similar reasons as stated before, such that
the sapphire maintains the cold temperature side of the
TEG. Finally, the insulation layer is selected as ultralow
thermal conductivity (0.01 W/m/K) silica aerogel25 to
maximize the temperature difference across the TEG and
retain heat within the device, thus boosting TEG electri-
cal generation.

3 | RESULTS AND DISCUSSION

3.1 | Parametric sweeps and structure
optimization

The device configuration proposed is shown in Figure 1A
and discussed in the System Design section of this paper.
This device layer configuration allows for utilization of
the entire solar spectrum, maintaining PV cells at suit-
able working temperature and creating a temperature
gradient across the TEG. To maximize solar spectrum uti-
lization, device efficiency, and to ensure adequate PV
cooling, parametric sweeps are carried out for some
device parameters including: the thickness of TES-TEG
interlayer and insulation layer, TES channel thickness,
solar concentration factor, TES mass flow rate, and the
load resistance of the TEG. These parametric sweeps dis-
play trends for optimization, however they must be used
with constraints such as: TES outlet temperature must
remain below its boiling point; layer thicknesses must
remain within realizable and practical limits; pumping
power required must remain a small fraction of electrical
generation; and TEG temperatures must remain in opti-
mal performance range and below melting temperatures.
Table 1 gives the key parameters of our design after opti-
mization considering these restrictions.

The system electrical generation efficiency (defined as
total electrical power generated divided by total incident
solar power) is plotted vs load resistance and mass flow
rate in Figure 3A. This surface plot shows a clear optimal
load resistance around 195 Ohms, which is further used
to evaluate upper bound device performance. Note that
this calculated optimal load resistance may differ from
that calculated by the maximum power transfer theorem
due to a portion of the TEG's internal heat generation
contributing to the temperature gradient across the TEG
and to heating the TES. Further, while in real resistive
load scenarios the load resistance is not adjustable,
because this PV-TEG-TES device comprises many indi-
vidual TEG pellet pairs, these could be divided and wired
to achieve application-appropriate voltage.

Figure 3A shows that TES mass flow rate has little
effect on the overall electrical performance of the device
when the mass flow rate is nonzero. This realization pro-
vides two pieces of further insight: (a) changing the mass
flow rate of the TES fluid in this configuration likely can-
not control the thermal energy storage vs electrical
energy conversion rates; and (b) since the TES fluid flow
rate has little effect on the overall device performance,
the flow rate in this layer can instead be used to control
the desired outlet temperature of the fluid for either pro-
cess heat or further electrical power generation. For
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further electrical generation, the highest temperature up
to boiling point is desired for maximum thermodynamic
efficiency, but temperature may be controlled to lower
temperature for specific domestic or industrial applica-
tion without affecting the overall performance of the
device. Since the total heat transfer into the fluid is

roughly the same regardless of mass flow rate, the tem-
perature difference between the inlet and outlet tempera-
ture varies inversely with the mass flow rate, as in (8).
Figure 4C illustrates these expected behaviors: TES outlet
temperature varies inversely with mass flow rate, and
mass flow rate only marginally affects heat storage rate,

FIGURE 3 Parametric analysis and optimization of PV-TEG-TES system. (A) Surface plot of the system electrical generation efficiency

vs TES mass flow rate and load resistance. (B) Surface plot of TEG power generation rate vs the thickness of the interlayers and the

insulation layer. (C) Surface plot of the system electrical generation efficiency vs the thickness of the interlayers and the insulation layer.

(D) Surface plot of the useful collection efficiency vs the thickness of the interlayers and the insulation layer. (E) Surface plot of net TEG

power generation rate vs TES mass flow rate and solar concentration. (F) Surface plot of TEG average temperature vs TES mass flow rate

and solar concentration

FIGURE 4 Simulation results for optimized final design. (A) Convergence of algorithm for current through TEG and convective heat

transfer coefficients. (B) Temperature within the device as a function of the global layer thickness coordinate. (C) TES outlet temperature

and heat storage rate vs TES mass flow rate
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even considering transition to turbulence at a mass flow
rate value of around 0.25 kg/s.

Decreasing the thickness of the TES layer results in
less solar energy absorption in the TES layer and more in
the TEG layer thus increasing power generation in the
TEG. However, while the TES outlet temperature can be
controlled by the mass flow rate, the TES layer parame-
ters must be chosen such that: the TES remains below its
boiling point (100�C); the TEG temperature remains
within optimal range and below its melting point; and
the pumping power required remains a small fraction of
generated electricity. As a rough order of magnitude
approximation, the pumping power per unit width P0

pump

required for fully-developed laminar flow in a two-
dimensional channel is:

P0
pump ¼

96 _m02μL
ηρ2D3

H

ð20Þ

where _m0 is mass flow rate per unit widthW (see Figure 1A);
μ is the fluid's dynamic viscosity; L is the length of
the channel in the direction of flow; η is the electrical-
mechanical efficiency of the pump; ρ is the fluid's den-
sity; and DH is the hydraulic diameter of the channel,
twice the channel's thickness. Thus, a factor of 10 reduc-
tion in the TES layer thickness results in a factor of 1000
increase in pumping power, all else equal. Likewise, a
reduction in TES layer thickness increases TEG tempera-
tures, which must be mitigated by increasing mass flow
rate, further multiplying required pumping power. Due
to these constraints, the performance of the TEG cannot
achieve otherwise optimal performance, that is, the TEG
could perform better in this configuration, but at the det-
riment of the system as a whole. In Figure 3E, the differ-
ence between TEG power generation and pumping
power is plotted vs solar concentration factor and TES
mass flow rate. This plot shows that for larger values of
mass flow rate, due to increased pumping power, the net
energy generation of the TEG and pump decreases and
eventually becomes negative. Figure 3F shows the TEG
average temperature vs solar concentration and TES mass
flow rate. Note that for optimal and safe operation (with
maximum TEG temperatures sufficiently below its melt-
ing point) the TEG average temperature must remain
around 500�C. Thus, the results of Figure 3E,F show a
fairly narrow range of acceptable solar concentration fac-
tors and mass flow rates. However, they also show that at
a set solar concentration, with a mass flow rate greater
than 0.001 kg/s, the mass flow rate has negligible effect
on the net TEG-pump power generation, confirming that
the mass flow rate can be used exclusively as a control
for TES outlet temperature. This control may be useful

for supplying heat for different processes, or keeping the
TES outlet temperature under boiling point given tran-
sient environmental conditions.

Figure 3D shows how the useful collection efficiency
(defined as the total electrical and thermal energy conver-
sion rates divided by total incident solar energy rate)
changes vs the thickness of TES-TEG interlayer and insu-
lation layers. Figure 3D indicates that the useful collec-
tion efficiency can be enhanced by a thick insulation
layer, but remains almost entirely independent of the
thickness of the TES-TEG interlayer. These relationships
indicate that the system performance can be enhanced
both electrically and thermally by structure optimization.

The surface plots in Figure 3B,C show system elec-
trical generation efficiency and TEG power generation
rate vs the thickness of the TES-TEG interlayer and
insulation layers, respectively. The TES-TEG interlayer
and insulation layers are on either side of the TEG as
seen in Figure 1. The performance of the TEG can be
tuned by changing the thickness of the TES-TEG inter-
layer and insulation layers. From Figure 3B,C, a thin
TES-TEG interlayer and a thick insulation layer benefit
both the TEG power generation and the system electri-
cal generation efficiency with the same trends. A thin
TES-TEG interlayer can enhance the heat exchange
between fluid and the cold side of the TEG, such that
the cold side of the TEG is maintained at a relatively
low temperature. A thick insulation layer can retain the
heat inside the system overall, and in doing so also
boost the temperature of the hot side of the TEG layer.
These effects combined produce a greater temperature
difference across the TEG, resulting in greater electrical
generation. In this system, as can be seen from
Figure 3B,C, increasing the TEG power generation
simultaneously increases the system electrical genera-
tion efficiency, meaning the overall device electrical
performance increases with increasing TEG perfor-
mance. If the opposite were true, it would indicate the
incorporation of the TEG hurts the solar energy
harvesting capability of the device overall, likely
invalidating this layer configuration and perhaps the
viability of a PV-TEG-TES system entirely. These results
thus validate the proposed device layout, offering prom-
ise for increased PV-TEG-TES device performance with
improved materials.

3.2 | Final design and performance

The optimized parameters in Table 1 are used for our
final calculation of upper bound performance for this PV-
TEG-TES device, the solution of which converges (ie,
heat transfer coefficients change <0.01% and TEG
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electrical current changes <10�5% per iteration) after
roughly 7000 iterations, as shown in Figure 4A. The top
and bottom heat transfer coefficients converge far more
quickly than the TEG electrical current, indicating the
primary difficulty in convergence stems from the electri-
cal current.

Figure 4B shows the temperature profile throughout
such a device. The temperature of the PV solar cell is
maintained below 65�C, well within the range of suitable
working temperatures. A large temperature gradient is
generated in the TEG, which boosts the power generation
from the thermoelectric effect, while its average tempera-
ture is kept at 500�C, and its maximum temperature kept
below 673�C, well below the melting temperature of the
TEG materials. The temperature decreases from 650�C to
near room temperature in the silica aerogel insulation
layer, which demonstrates good thermal insulation at the
bottom of the PV-TEG-TES device.

As seen in Figure 2B, in the PV layer most visible and
ultraviolet light is absorbed. In the TES, only a small por-
tion of remaining light in the infrared range is absorbed,
leaving the TEG to absorb much of the PV-transparent
radiation. The radiation energy remaining after the TEG
layer is virtually zero, as shown in Figure 2B, indicating
the device absorbs nearly all the incoming solar radia-
tion, using the entire solar spectrum as intended.

The simulation of this device/configuration yields the
key performance metrics given in Table 2. Note that
because the PV is the first layer in the device, its perfor-
mance is roughly identical to PV performance without
the rest of the PV-TEG-TES system, provided it is kept
sufficiently cool, and under identical illumination condi-
tions. Note that the electrical efficiency here is found
merely by adding the PV and TEG power outputs divided
by the total incident solar energy rate. Thus, since the
overall electrical efficiency is 26.0% and the PV efficiency
alone is 24.1%, including the TEG increases the electrical
efficiency by approximately 1.9 percentage points
(a relative 7.9% improvement). Further, the overall useful
collection efficiency (electrical power generation plus

thermal energy storage rates divided by total incident
solar energy rate) is approximately 79.3%, leading to over-
all calculated system losses (losses due to assumed inter-
nal and electrical PV losses, and due to heat transfer to
the external environment) around 20.7%, far less than
those of conventional PV technologies. Note that
although electrical joule heating in the TEG could be
considered electrical loss, due to the TEG's position
between the TES and insulation layers, this heat genera-
tion can instead add to the TEG temperature gradient
and to TES energy storage. In addition, with these device
parameters, the PV-TEG-TES device requires pumping
power only on the order of 10 W, and increases the work-
ing fluid temperature to 99�C, near the limit of its boiling
point and maximum internal energy in the liquid state.

3.3 | Error tolerance and analysis

The two most challenging aspects of convergence for our
PV-TEG-TES model are the heat transfer coefficients at
the device-ambient interfaces and the TEG current as
they are nonlinear and depend on temperature. These
coefficients determine the temperature profile through-
out the device, which is based on analytical formulas for
energy conservation, that is, if these terms converge, our
analytical model should be consistent with physical prin-
cipals. The tolerance for these coefficients and TEG cur-
rent were determined via trial-and-error to ensure model
convergence.

This trial-and-error for tolerance values ensures our
model is converged in terms of changing model output,
and we also confirm this convergence is consistent with
physical quantities. At a high level, our model of the PV-
TEG-TES system models energy/power balances across
various phenomena in the device. So, to rigorously vali-
date the sufficiency of these convergence criteria, a check
of input vs output power is also performed.

The total device power consumption (solar power
converted to electricity, stored as heat, or lost to the envi-
ronment) is calculated as 6063.6 W. Compared to the
model's solar energy input for a 10 cm by 10 cm device at
673 suns with a total input power of 6058.1 W, this gives
a miniscule total model power error of 0.09%, indicating
sufficient convergence.

The cause of this miniscule power discrepancy is
likely due in part to the way solar spectrum data are
processed to match our model's absorption data, that is,
solar spectrum data and layer absorption coefficient data
are interpolated by our model such that each has a data
point at every wavelength present across all datasets. The
interpolation of solar spectrum data and layer absorption
data to every wavelength inserts some error into how

TABLE 2 Key performance metrics of PV-TEG-TES system

Photovoltaic electrical power generation 1.46 kW

TEG electrical voltage 150 V

TEG electrical current 0.77 A

TEG electrical power generation 115.7 W

System electrical power generation (PV + TEG) 1.58 kW

TES fluid heat storage rate 3.23 kW

System electrical generation efficiency (PV + TEG) 26.0%

Useful collection efficiency (Heat + Electrical) 79.3%
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much energy exists in the solar spectrum at certain
wavelengths.

With the error analysis described above, we have veri-
fied both convergences, and that convergence is consis-
tent with energy conservation. Another worthy analysis
is comparing this “error” to the error in the model's raw
energy input data to verify that what appears to be an
insignificant error of 0.09% is indeed insignificant. Inte-
grating raw solar spectrum data over wavelength, and
multiplying by device area (10 cm by 10 cm) and solar
concentration factor (673 suns) gives the total input solar
power. However, depending on the numerical integration
technique used, the total input power differs slightly. As
a simple example, using a Left Riemann Sum approach
gives a total input power of 6062.4 W, whereas a Right
Riemann Sum approach gives a total input power of
6054.3 W, giving an error between these numerical tech-
niques of 0.13%.

In short, our model gives an energy error of 0.09%,
which is less than the uncertainty in numerical tech-
niques due to using the solar spectrum power data
itself—our model gives virtually as low of an error as pos-
sible with AM1.5D spectrum data. See Table 3 for a full
accounting of power.

4 | CONCLUSION AND
FUTURE WORK

This paper presents an integrated PV-TEG-TES solar
energy conversion system with novel device architecture
featuring direct solar-electrical conversion, waste heat
harvesting, and inherent energy storage, augmenting the
strengths, and mitigating the weaknesses of conventional
solar energy harvesting technologies. Through a multi-
physics radiative, thermal, fluid, and electrical analysis,

the system has been shown to have a direct electrical effi-
ciency of up to 26.0%, a 1.9 percentage point gain over a
conventional GaAs PV module (ie, a relative efficiency
improvement of 7.9%). In addition, the system has been
shown to be able to capture 53.3% of incident solar
energy as heat, which could be converted to electricity
with a heat engine and dispatched as desired, or used as
industrial or domestic process heat. The electrical and
stored energy efficiencies added together form a useful
energy collection efficiency of 79.3%, resulting in an over-
all incident solar energy loss of 20.7%, far less than con-
ventional PV systems.

Though simplified in nature, due to the highly
coupled multiphysics interactions present in a PV-TEG-
TES device, the insights gathered from this analysis can
provide a starting point for designing a practical three-
dimensional PV-TEG-TES system. This one-dimensional
analysis framework provides initial guidance for selecting
viable solar concentration, materials, fluid flow parame-
ters, and device layer order and thicknesses, parameters
difficult and computationally intensive to arrive at solely
with a full three-dimensional modeling framework. An
expansion to full three-dimensional system modeling
would benefit in performance prediction accuracy from:
optical design (which may allow for greater TEG perfor-
mance with directed heating); radiative reemission,
reflection, and scattering; full three-dimensional fluid
flow; and incorporation of spatially/temperature-
dependent TEG material properties.

Future research into PV-TEG-TES systems could
expand on this study by determining the best specific
applications for such a device (eg, residential, industrial
or utility implementation, and geographic feasibility) via
investigating: electrical grid implementation and related
circuity, LCOE economic analysis ($/kWh) including the
effects of system degradation (eg, cooling channel fouling
affecting required pumping power, and TEG absorption),
and ultimately three-dimensional design, fabrication, and
device performance testing.
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TABLE 3 Model power accounting and error analysis

Component Power (W)

PV electrical generation 1460.0

PV module/environmental losses 1253.2

TEG electrical generation 115.7

TES heat storage 3234.6

Summation Power (W)

Total device power consumption 6063.6

Total model solar input 6058.1

Device model error 0.09%

Solar power (Left Riemann sum) 6062.4

Solar power (Right Riemann sum) 6054.3

Solar power (integration error) 0.13%
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