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a b s t r a c t
Photovoltaic power generation is a growing renewable primary energy source, expected to assume a
major role as we strive toward fossil fuel free energy production. However, the photovoltaic efﬁciencies
limit the conversion of solar radiation into useful power output. Hybrid systems extend the functionality
of concentrating photovoltaics (CPV) from simply generating electricity, to providing simultaneously
electricity and heat. The utilization of otherwise wasted heat signiﬁcantly enhances the overall system
efﬁciency and boosts the economic value of the generated power output. The current system consists
of a scalable hybrid photovoltaic–thermal receiver package, cooled with an integrated high performance
microchannel heat sink. The package can be operated at elevated temperatures due to its overall low
thermal resistance between solar cell and coolant. The effect of the harvested elevated coolant temperature on the photovoltaic efﬁciency is investigated. The higher-level available heat can be suitable for
sophisticated thermal applications such as space heating, desalination or cooling (polygeneration
approaches). A total hybrid conversion efﬁciency of solar radiation into useful power of 60% has been
realized. The exergy content of the overall output power was increased by 50% through the exergy content of the extracted heat. An analysis based on the economic value of heat illustrates that the reused heat
can double the economic value of such a system.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
The energy demand of the world is continuously rising due to
ever increasing global population and industrialization [1]. At present, energy from non-renewable resources such as fossil fuels or
ﬁssionable materials accounts for over 92% of the world energy
usage [2]. In addition, energy generation based on burning of fossil
fuels has caused an increase in carbon dioxide (CO2) and other
greenhouse gas emissions, leading to global warming. A switch
from fossil fuels to renewable energy sources such as sun, wind
or water has become one of the major challenges of the 21st
century. Harvesting solar energy is a promising technology for
renewable power generation with the potential to meet a
signiﬁcant proportion of the world’s energy needs. There are many
alternatives available to directly harness the sun’s energy, the most
prevalent of which are solar collectors designed to generate thermal energy and photovoltaic cells generating electricity, the latter
being the main focus in this paper.
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However, generating electric power from solar radiation
through photovoltaic conversion is dominated by technologies
using one material for the solar cell. This approach limits the conversation efﬁciency to about 25%. Although highest efﬁciencies can
be reached using multi-junction solar cells [3] their fabrication
costs still pose a limiting factor. Therefore, in concentrating photovoltaic (CPV) systems the sunlight is collected by concentrating
optics and focused onto a considerably smaller photovoltaic receiver. Thus, this technology substitutes expensive photovoltaic cell
material by inexpensive optical equipment. This approach reduces
the cost per produced kilowatt-hour [4,5]. Some of the ﬁrst concentrator systems used Fresnel lenses [6] or compound parabolic
concentrators [7] to achieve concentration of the sunlight. Higher
concentrations of up to 1000 suns were mainly achieved through
the use of solar tower reﬂectors in the center of multiple heliostats
[8] and parabolic dish based systems [5,9–11]. The latter are suitable for various applications ranging from small rooftop photovoltaic power stations to high concentration photovoltaic
thermal systems with concentration of 2000 suns [12].
Despite very different designs, all solar concentrator systems
share some key requirements. Thermal management and temperature control are among the most important aspects in any
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Nomenclature
A
C
cp
DNI
EEVC
_
Ex
h
I
_
m
P
PR
Q_
Rth
s
T
U
V

receiver area (m2)
concentration ratio
speciﬁc heat capacity (J/kg K)
direct normal irradiance (W/m2)
enhanced economic value coefﬁcient
exergy (W)
enthalpy (J/kg)
current (A)
mass ﬂow rate (kg/s)
power (W)
price ratio
heat (W)
thermal resistance (K/W)
entropy (J/kg K)
temperature (K)
utility function
voltage (V)

Greek letters
D
difference between inlet and outlet
g
efﬁciency

concentrator system because of the generated high power densities. Especially CPV systems require strict temperature control
because of the strong inﬂuence of the operation temperature on
the photovoltaic conversion process. The electrical efﬁciency and,
consequently, the power output of a photovoltaic module depend
linearly on the operating temperature [13]. High concentration
ratios impact the system performance in several ways. First, photovoltaic efﬁciency increases with increasing irradiance (up to a
design speciﬁc limit) [14]. Second, high concentration involves
high heat ﬂuxes and, consequently, the design of the heat exchanger and the selection of an appropriate coolant become of paramount importance [15]. However, increasing concentration
reduces the inﬂuence of temperature on photovoltaic efﬁciency
[16–20]. If high concentrating photovoltaic (HCPV) systems were
to serve as viable source to appreciably meet the global energy
demand, a systemic approach addressing the high efﬁciency
requirements and potential of both the photovoltaic and cooling
components is needed. Despite high photovoltaic conversion efﬁciencies, more than 50% of the potential power output is dissipated
as heat. Therefore, advancements with respect to overall solar
energy collection and usage of the heat in photovoltaic systems
will boost the overall energy efﬁciency signiﬁcantly. Photovoltaic
thermal collectors have been investigated intensively for lower
concentrations and it has been shown that this approach signiﬁcantly enhances the efﬁciency [21,22].
The current work introduces and investigates a hybrid High
Concentration Photovoltaic–Thermal (HCPVT) system designed to
achieve optimal overall module efﬁciency. This includes the maximal generation of electricity and the associated harvesting of produced thermal power enabling its further utility. A related system
has been modeled previously to look at multi junction solar cells in
a solar concentration energy system with active cooling [23]. The
thermal requirements of these hybrid solar receivers are very similar to micro processors in high performance computing. To this
end, the recently demonstrated technologies for energy management in high performance computing [24,25] can be integrated
synergistically in HCPVT systems. Approaches for reuse of otherwise wasted heat demonstrated in supercomputers [26] and datacenters [27,28] can be used to boost the energy efﬁciency on in
HCPVT systems. The operating temperature of the PV cells is controlled to allow direct reuse of the collected heat at the required

k

v

thermal conductivity
price for 1 kW h of energy

Subscripts
0
reference from ambient
comb
combined (electrical and thermal)
el
electric
ff
fossil fuels
he
heat to electricity
in
inlet
max
maximum
MP
at the maximum point
oc
open circuit
out
outlet
pump
pump
sc
short circuit
Sol
solar
sun
sun
th
thermal

temperature level, and is simultaneously kept low-enough to
maintain high electrical efﬁciency. A direct reuse of heat from
HCPVT systems targets the replacement of heat generated by combustion of fossil fuels (also a wasteful approach in terms of exergy),
thereby reducing the global carbon footprint.
The temperature of the wasted heat is pivotal to assess its value
for potential reuse. In terms of exergetic content, thermal energy is
inferior to electric energy, because it cannot be efﬁciently converted to mechanical energy (Carnot-limited conversion).
Additionally, thermal energy carriers are usually difﬁcult to transport. An exergy [29] analysis of any system can provide crucial
information about the usefulness of the collected energy [30–32].
The present work focuses on the thermal characteristics of the
photovoltaic package and includes a complete energy and exergy
analysis of an experimental prototype rooftop photovoltaic power
station based on a parabolic dish concentrator. In a ﬁnal step, different reuse strategies such as space heating, desalination and
refrigeration based on adsorption cooling for the collected heat of
HCPVT systems are evaluated to substantiate the enhancement in
economic value. The research lays the foundation for developing
a new generation of hybrid photovoltaic–thermal systems with
integrated energy reuse and minimal carbon footprint.
2. Experimental setup
The investigated setup and its different components are shown
in Fig. 1. A description of the different components and their characteristics is presented in the sequel.
2.1. Photovoltaic converter
A single-junction GaAs monolithic interconnected module
(MIM) solar cell was chosen for a proof of principle demonstration.
The dimensions of the cell were 21 mm  21 mm with a thickness
of 0.5 mm. MIMs consist of several photovoltaic cell segments,
which are series-connected during cell fabrication process
[33,34]. In this approach the photovoltaic area is divided in several
series-connected segments leading to a high voltage and low current device. Because of the low current, power losses due to series
resistances can be kept small. The applied MIM consisted of 23
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Fig. 1. Photovoltaic receiver system and its thermal characteristics. (a) Scheme of the parabolic dish concentrator. (b) Schematic of the experimental outdoor test facility. (c)
Photograph and model of the photovoltaic receiver package highlighting the top view and manifold microchannel heat sink (reversed). (d) Measured thermal resistance of the
heat sink. (e) 1D thermal model of the package highlighting the heat ﬂow path from the solar cell to the coolant.

solar cell segments. Each segment of the MIM was protected by a
bypass diode which is monolithically integrated into the semiconductor layer structure [34]. The total area of the MIM cell was
4.33 cm2.
2.2. Receiver package
The MIM cell was bonded to a manifold microchannel heat sink,
enabling the efﬁcient heat removal from its backside. A model of
the receiver package is shown in Fig. 1(c). The bonding was performed by using a vacuum assisted solder process to obtain a void
free solder layer. Voids in the solder layer need to be avoided,
because they create local hotspots and unwanted thermal stress
resulting in degradation of thermal performance. A detailed design
of the microchannel heat sink has been reported elsewhere [24]. It
consists of a manifold layer that feeds a heat transfer structure of
hundreds of parallel microchannels as shown in the lower part of
Fig. 1(c). Both layers were made of silicon. The coolant enters the
manifold system laterally and branches into several inlet channels.
Afterwards, the liquid is guided into the underlying level of heat
transfer enhancing microchannels. These parallel microchannels
had a thickness of 30 lm and a height of 300 lm. While moving
along the microchannels, which are orthogonally orientated with
respect to the manifold, the liquid removes the heat generated
by the receiver. Subsequently, the liquid leaves the microchannel
structure upwards into the outlet channels before it is guided to
a lateral outlet.
Four resistance temperature detectors (RTD) were placed
between the photovoltaic cell and the heat sink to estimate the
MIM cell temperature and to evaluate the thermal resistance of
the entire package.

2.3. HCPVT system
The receiver package was mounted on an outdoor
active-tracking system (scheme is shown in Fig. 1(a)) with a tracking accuracy of 0.12°. The sunlight was concentrated on the receiver with a 2.4 m parabolic dish concentrator (Acro Solar Lasers, US)
having a concentration ratio of approximately 500. The parabolic
dish was located on a two stage tracker (SF20, Feina, Spain) to pursuit the movement of the sun enabling consistent measurements
for an extended time period. A ﬂux homogenizer was installed to
help smooth-out the irradiation irregularities from the parabolic
dish [35,36]. The receiver package was connected to a ﬂuid loop
shown in Fig. 1(b), to allow precise temperature control. The ﬂow
was driven by a magnetic gear pump and a coriolis ﬂow meter
determined the volumetric ﬂow rate with an error of ±10 ml/min.
Two cross calibrated T-type thermocouples measured the ﬂuid
inlet and outlet temperatures of the receiver package
(error ± 0.1 K). Another thermocouple was used to measure the
ambient temperature. The ﬂuid inlet temperature was controlled
with a heat exchanger connected to a chiller. A 7 lm pore ﬁlter
(Swagelok, USA) was used to keep the coolant (water) free of large
particles and prevent any clogging of the microchannels in the heat
sink. The direct normal irradiance (DNI) was measured by a pyrheliometer mounted on the solar tracker, while the global horizontal
irradiance (GHI) was recorded by a pyranometer on the roof. A programmable DC electronic load was used to measure the I–V characteristics of the solar cell. The data acquisition was performed
by a digital multimeter and a relay switching card. The system
operation and data recording were performed with LabVIEWÒ.
The entire test facility was installed in Zurich, Switzerland. A comparable setup is located at Fraunhofer ISE in Freiburg, Germany
[37].
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The irradiance distribution in the receiver plane was measured
using a solar ﬂux sensor (circular active area of 12 mm2) mounted
on a three axis (3D) translation stage. The 3D stage was used to
move the ﬂux sensor in order to create a grid of data points spaced
at intervals of 5 mm in width and height (linear interpolation was
performed in between).
3. Results
3.1. Thermal characteristics of the heat sink
The key parameter used to describe the thermal performance of
a heat sink is the thermal resistance. Thermal resistance is a measure for the temperature difference between the solar cell and the
coolant needed to remove a given amount of generated heat

517

and from Voc to Isc, to ensure that potential hysteris effects do
not inﬂuence the measurement. In the 1 ms measurement interval,
the temporal intensity variation of the pulse was less than +/- 1.5%.
The variation was tracked using a monitor cell and corrected for in
subsequent signal processing. The light intensity in the measurement plane could be varied by variation of the distance between
ﬂash bulb and solar cell. The concentration ratio was derived from
the ratio of short curcuit current Isc under test to a calibrated
one-sun Isc [21]. Fig. 2(a) shows the I–V curves at different concentration ratios. At a concentration ratio of 489, the electrical efﬁciency is 20.0%.
3.3. Outdoor performance

The total thermal resistance of the receiver package can be split
into three components connected in series as shown in Fig. 1(e).
The ﬁrst component originates from the solar cell itself, because
the generated heat passes through the cell’s semiconductor layers
and is removed from its backside. This component of the thermal
resistance is a function of the thermal conductivity of the materials
involved and their thickness. The solar cell consisting of GaAs
(kGaAs = 55 W/(K m)) has a thickness of 0.5 mm resulting in a thermal resistance of 0.091 K cm2/W. The second resistance emerges
due to the solder interface connecting the solar cell and the heat
sink and mainly depends on the solder material as well as the existence of voids in the interface layer. Assuming no voids and solder
typical conductivity of kSolder = 60 W/(K m) we calculate a thermal
resistance of 0.107 K cm2/W. The third part of the thermal resistance is due to the heat sink, and is a function of the geometry
as well as the material properties of the heat sink [24] and the
characteristics of the coolant such as ﬂow rate [38]. The resulting
thermal resistance of the heat sink is plotted in Fig. 1(d) at different
coolant ﬂow rates and the coolant inlet temperatures. The thermal
resistance of the heat sink decreases for higher ﬂow rates due to an
enhancement in convective heat transfer. However, the thermal
resistance does not change signiﬁcantly as a function of the coolant
inlet temperature. The thermal conductivity of solid materials
decreases for higher temperatures causing an increase in the resistance. This is matched by an increase of the thermal conductivity
and the speciﬁc heat of the cooling water at higher temperatures
resulting in a decrease of the combined thermal resistance. The
two competing effects almost cancel each other out. The thermal
resistance of the solar cell could not be measured because the
installation of additional RTD sensors on top of the solar cell would
have resulted in a loss of active area thereby decreasing the overall
performance. Instead, the thermal resistance of the solar cell was
approximated to be equal to a layer of GaAs of the same thickness.
The resulting total thermal resistance of the receiver package for a
coolant ﬂow rate of 1 l/min was approximately 0.3 K cm2/W corresponding to a 30 °C temperature difference between solar cell and
coolant for a concentration of 1000 suns (1 sun = 0.1 W/cm2).

Indoor measurements are necessary to determine the optimal
performance of solar cells, because the testing conditions are precisely controllable. However, outdoor measurements are crucial to
determine the realistic effects of the changing conditions due to
wind and cloud movement, movement of the tracker, etc.
Fig. 2(b) shows the measured I–V data of the solar cell from outdoor testing compared to the perfect conditions of an indoor facility. The indoor I–V curve was interpolated from the data shown in
Fig. 2(a) to match the short circuit current measured outdoors. The
main difference between the two measurements is the kinks
observable in the outdoor I–V curve. The kinks in the I–V curve
can be explained as a result of an inhomogeneous illumination proﬁle across the receiver, which leads to different current generation
in the individual solar cell segments. The short circuit current is
determined by the solar cell segment with the highest irradiance;
in this case the bypass diodes of the other solar cell segments are
activated. The kinks correspond to the individual current limitations caused by cell segments that are exposed to lower irradiances. The segments are connected in series such that their
voltage output can be summed up for a given current. A stepwise
increase of the extraction current causes more and more segments
to reach the illumination dependent short circuit current condition
limiting their voltage output. The IV curve in Fig. 2(b) is the superposition of the voltage output of all individual segments resulting
in the observable kinks due to inhomogeneous illumination. The
parabolic dish itself is a point-concentrator and therefore exhibits
a point-like illumination proﬁle, which is homogenized by the
applied ﬂux homogenizer. Yet, the ﬁnite length as well as deviations in real systems, such as misalignment and tracking error,
shading by components of the system, sunshape, and shape deviations of the concentrator, prevent ideal homogenization. A detailed
analysis of the results of these effects has been published elsewhere [36].
The inhomogeneous illumination was conﬁrmed by measuring
the irradiance distribution across the solar cell plane. Variations
in illumination concentration from 200 to 550 were observed with
two hotspots in the middle and zones with low concentration on
the right and the left sides. The receiver is located in the center
of the measured concentration ﬁeld. There, the variation is considerably lower and ranges from 400 to 550 suns.
The electric efﬁciency of the receiver is given by:

3.2. Preliminary solar cell characterization

gel ¼

The electrical performance of the solar cell was determined
with current–voltage characteristics (I–V curves) under different
intensities. The characterization was performed indoors at a ﬂash
sun simulator under homogeneous illumination at Fraunhofer ISE
CalLab [21]. As light source a Xenon ﬂash bulb was used. The I-V
curve was measured within a 1 ms short interval at the plateau
of the light pulse. Each curve was measured twice, from Isc to Voc

where A = 4.41 cm2 is the receiver area, DNI is the measured direct
normal irradiance, C denotes the corresponding averaged concentration ratio across A as described above, and PMP is the maximal
electrical power. Essentially, Eq. (2) expresses the 1st law efﬁciency
for the electrical component of the generated energy.
The thermal power Pth is determined from a simple caloric computation based on the temperature rise of the coolant water

Rth ¼

DT
Q_

ð1Þ

PMP
C  DNI  A

ð2Þ
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Fig. 2. (a) I–V curves of the receiver measured indoors at a ﬂash sun simulator under different concentration ratio C. (b) Comparison of I–V curves of the receiver measured
indoors/outdoors. The standard DNI for indoor measurement is 1000 W/m2 whereas the outdoor DNI was measured to be between 880 W/m2 and 940 W/m2due to natural
ﬂuctuations.

_ and the speciﬁc
ﬂowing from inlet to outlet DT, the mass ﬂow m
heat capacity of the coolant cp :

_ p DT
Pth ¼ mc

ð3Þ

The hybrid efﬁciency of the system, while operating at maximum electrical power output, is then given by:

gcomb ¼

PMP þ Pth
C  DNI  A

ð4Þ

The measured energy efﬁciency curves both for the case where
only electrical power is considered and for case where combined
electrical and thermal power generation are considered jointly

are shown in Fig. 3(a). The ﬂow rate was ﬁxed at 1 l/min corresponding to the highest possible ﬂow rate for the outdoor setup.
The inﬂuence of ﬂow rate on energy efﬁciency in heat removal
has been discussed elsewhere [39]. The temperature levels of the
receiver package can be seen in Table 1:
The temperature of the solar cell was calculated based on a 1D
thermal resistance model. An increase of the cell temperature
results in a minor drop of 0.02% /K of the electric efﬁciency within
the investigated temperature range. The thermal efﬁciency
decreases more distinctly with increasing temperature due to
increasing thermal losses to the ambient. The drop in thermal
energy recovery efﬁciency is 0.1% /K. The inclusion of the thermal

Fig. 3. (a) Sankey diagram of the energy ﬂow across the photovoltaic receiver. The subscripts th, el and dest respectively denote thermal energy, electrical energy and energy
losses. (b) Sankey diagram of the exergy ﬂow across the photovoltaic receiver. (c) Energy efﬁciency of the photovoltaic receiver for electrical and combined electrical/thermal
operation as a function of the coolant inlet temperature at a ﬂow rate of 1 l/min. (d) Energy efﬁciency of the photovoltaic receiver for electrical and combined electrical/
thermal operation as a function of the coolant inlet temperature at a ﬂow rate of 1 l/min.
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Table 1
Temperature levels of the receiver package.
Tinlet [°C]

Flow rate [l/min]

DNI [W/m2]

Toutlet [°C]

Tsolar

25
25
40
50
60
70

0.3
1
1
1
1
1

920 ± 10
920 ± 10
940 ± 10
930 ± 10
920 ± 10
890 ± 10

29.4 ± 0.2
26.6 ± 0.2
41.6 ± 0.2
51.5 ± 0.2
61.4 ± 0.2
71.2 ± 0.2

43.4 ± 0.5
38.8 ± 0.5
53.9 ± 0.5
63.8 ± 0.5
73.7 ± 0.5
83.1 ± 0.5

cell

[°C]

energy in the hybrid efﬁciency boosts the value to 60% at 25 °C
inlet temperature. This corresponds to a 400% increase in energy
efﬁciency compared to the purely electric efﬁciency of this speciﬁc
solar cell. The energy ﬂow can also be conveniently expressed
through a Sankey diagram [40]. Fig. 3(b) shows the corresponding
diagram for the present HCPVT system in hybrid operation for a
coolant inlet temperature of 60 °C. The incoming solar power is
partially converted into electric power and heat in the PV cell. A
fraction of the generated heat at the level of the PV cell is lost to
the environment via radiative and convective heat transfer.
However, due to the efﬁcient cooling most of the heat is removed
by the coolant and can be utilized in a secondary application.
3.4. Energy quality: exergy analysis
To evaluate the usefulness of the thermal energy that is
extracted from the receiver, an exergy analysis is performed.
Exergy is a thermodynamic property, and as it is known, it represents the maximum useful work potential that is contained in an
_ Sol ,
amount of energy. The exergy input from solar irradiation, Ex
can be calculated using the Petela[41] expression as:

"



4 #
_ExSol ¼ DNI  A 1  4 T o þ 1 T o
3 T sun
3 T sun

ð5Þ

where Tsun is the temperature of the sun (6000 K) and To the
ambient temperature (293 K). The Petela expression essentially
acts as an optical efﬁciency for the conversion of radiation into useful work. Electrical energy generated by the photovoltaic cell is
considered pure exergy, whereas the exergy content of the thermal
energy is typically low (Carnot limit). The exergy content of thermal energy recovered in our combined solar cell and cooling mod_ th , can be written as [29]
ule Ex

_ th ¼ m½h
_ out  hin  T o ðsout  sin Þ
Ex

ð6Þ

where h and s denote the speciﬁc enthalpy and entropy of the coolant and subscripts ‘out’, ‘in’ and ‘0’ denote the outlet, inlet and reference ambient conditions, respectively. The exergy content of the
extracted heat increases with temperature underscoring the main
beneﬁt of high temperature operation. The exergy analysis can help
to identify sites where exergy losses occur, and rank them according
to their signiﬁcance so as to provide guidelines for a more efﬁcient
system design with better energy recovery efﬁciency. The exergy
ﬂow was plotted in the same way as the energy ﬂow in a Sankey
diagram for a coolant inlet temperature of 60 °C in Fig. 3(c)
Approximately 15% of the initial exergy is converted into electricity.
The major part of the initial exergy is lost due to reﬂection of the
sunlight, conversion of sun light to heat, convection of heat at the
top side of the solar cell and a thermal gradient through the solar
cell. These mechanisms account for an exergy loss of 85% of the initial value for a water inlet temperature of 25 °C. The loss decreases
to 75% for a water inlet temperature of 70 °C. This loss could be further reduced through operation at even higher temperatures. 15% of
the initial exergy is available as electricity whereas the rest of the
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exergy is available as thermal energy. Due to an inevitable temperature differential, further exergy destruction occurs during the heat
transfer in the water ﬂowing through the heat sink. Finally, 8.5% of
the exergy is transferred to the water for a water inlet temperature
of 70 °C. From Fig 3(b) it is clear, that the largest exergy destruction
occurs in the photovoltaic cell. One way to decrease the exergy
destruction is to increase the photovoltaic cell efﬁciency. One way
to enhance the efﬁciency for a given solar cell is to cool them down
to low temperatures albeit this counteracts the potential beneﬁts of
direct reuse of the thermal energy in HCPV systems. The best way to
optimize the overall module efﬁciency is to achieve a compromise
between maximal electricity generation and thermal energy reuse.
In hybrid operation, where the thermal energy gained by the
coolant is also utilized, the total exergy output is increased by
55% when the coolant inlet temperature is increased from 25 °C
to 70 °C. We can introduce the following exergy-based, second
law efﬁciency for the heat sink, to point out the importance of
the different exergy inputs and outputs

_ þ Ex
_
Ex

el
g2nd ¼ _ th
ExSol þ P pump

ð7Þ

_ el denotes the electric power generated by the photovoltaic
where Ex
cell. Ppump denotes the (parasitic) pumping power needed to drive
the coolant through the microchannel heat sink. In our setup, the
pumping power was negligible compared to the other terms. In
Fig. 3(d) the exergy efﬁciency (2nd law efﬁciency) is plotted as a
function of the coolant inlet temperature. The exergy efﬁciency
for the combined case increases up to 60% compared to the purely
electrical case with increase in the water inlet temperature from
25 to 70 °C. From this behavior, it is clear that in order to maximize
the exergy efﬁciency, the water inlet temperature should be maximized up to a photovoltaic cell temperature that does not signiﬁcantly affect the electrical performance of the receiver. The trends
of the 1st and 2nd law efﬁciencies are reversed. The higher 1st
law efﬁciency for low coolant temperatures does not guarantee a
high 2nd law efﬁciency and vice versa. Energy losses to the ambient
and a lower electric efﬁciency for even higher coolant temperatures
will become signiﬁcant, thereby also limiting the 2nd law efﬁciency.
3.5. Economic value enhancement through heat reuse
From a purely thermodynamics point of view, heat is considered a less valuable energy form due to its low exergetic content.
However, the economic value of heat can be very important,
because heat can be used in secondary applications, which would
otherwise require combustion of fossil fuels. Therefore, the economic value for heat from the investigated photovoltaic system
needs to be quantiﬁed using a new metric. Such a metric must
include key factors such as the temperature at which the heat is
recovered, available technologies to use the heat and prices for
electric power and fossil fuels such as domestic fuel oil or natural
gas. We introduce such a metric, termed enhanced economic value
coefﬁcient (EEVC), in which the prices of electric and thermal
energy per kWh are directly factored in, as

EEVC ¼

gel  vel þ U  gth  vff
ðgel  vel Þmax

ð8Þ

EEVC simply is the ratio of the economic value of the energy
output in the combined case of electricity and heat harvesting to
the value of the maximum achievable electrical energy. The symbols gel and gth describe the electric and thermal energy recovery
efﬁciencies, respectively. vel and vff denote the prices for 1 kW h
of electricity and heat due to combustion of fossil fuels, respectively. The energy prices are certainly location speciﬁc. The price
ratios of heat and electricity (PRhe) deﬁned as
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Fig. 4. (a) Price ratio of heat and electricity for several European countries. (b) Enhanced economic value coefﬁcient of an HCPVT system for purely electrical and three
different thermal energy utilization strategies.

PRhe ¼

Cost of 1 kWh heat produced through combustion of fuel oil
Cost of 1 kWh electricity
ð9Þ

are plotted in Fig. 4(a) for several European countries [42,43]. 30 °C
was taken as the lower temperature threshold, because it is very
close to the ambient outdoor temperature, any coolant that has
lower temperatures would need additional energy-intensive cooling. Additionally, the utility function, U, is introduced to account
for the temperature dependent variation in the usability of heat in
a given reuse application. For example, space heating based on standard wall radiators needs a higher temperature than heating based
on ﬂoor-installed heat exchangers. Therefore, at a sufﬁciently high
temperature, both these applications are viable avenues for heat
reuse, thereby improving the utility of heat. For every reuse application, the value of the utility function should vary from zero to
unity over a speciﬁc range of temperature and thereafter remain
constant. Clearly, such a utility function is system-speciﬁc and will
also depend on the preferences of the designer. To illustrate the
underlying concept, in the current work we used sigmoid functions
to obtain the application speciﬁc utility functions. The temperature
range over which the utility function went from zero to one was
40 °C to 70 °C for space heating, 65 °C to 90 °C for refrigeration,
and 55 °C to 80 °C for desalination. The energy efﬁciencies measured in the indoor test facility were used for the reference of maximum achievable electrical energy gel,max. The energy recovery
efﬁciencies depend on the choice of the solar cell, thermal insulation, coolant temperature etc. Fig. 4(b) shows the EEVC value as a
function of the coolant temperature for Germany and Bulgaria,
because their price ratios of heat and electricity are signiﬁcantly different. The trend for all three reuse strategies is the same and shows
that the enhanced economic value concept can more than double
the useful output of purely electricity dedicated HCPV systems.
The lower than unity values in the low temperature regime of
the graph are the result of the difﬁcult to control conditions for
the outdoor experiments, resulting in inhomogeneous illumination
and therefore reduced efﬁciency. The major difference is the harvesting of the exergy potential of the available, otherwise wasted,
thermal energy. The upper limit of the enhanced economic value
coefﬁcient is set by the price ratio of heat to electricity and the designated efﬁciencies. The comparison between Germany and
Bulgaria shows that this approach is best located in a country with
high oil prices or very low electricity prices, which is the case for
Bulgaria. The EEVC reaches a different plateau depending on the
heat reuse strategy at hand. A further increase in coolant temperatures will eventually result in a decrease of the EEVC, because
energy losses will become dominant.

4. Conclusion
We have presented a hybrid approach to enhance the efﬁciency
and economic value of concentrating photovoltaic systems. Our
approach of a high concentration photovoltaic–thermal (HCPVT)
system relies on photovoltaic electric power generation in combination with utilization of the otherwise wasted thermal energy
carried by the coolant. This concept was demonstrated through a
novel design of a receiver package consisting of a single-junction
GaAs monolithic interconnected module with a directly integrated
high performance water-cooled microchannel heat sink. It was
shown that the cooling requirements of photovoltaic cells can be
efﬁciently addressed by simultaneously achieving high exergetic
efﬁciencies and enabling utilization of the generated heat.
The electrical efﬁciency of the MIM cell under investigation was
only marginally affected by the increased coolant temperature. The
inclusion of the now available thermal energy into the energy efﬁciency of the receiver boosted the overall efﬁciency by 400% from
15% to 60%. To differentiate the thermodynamic quality of energy
extracted (electricity and heat), the 2nd law efﬁciency was computed. The use of hot water coolant led to a 55% rise in the 2nd
law efﬁciency of the receiver, which underscores the beneﬁt of
increasing the coolant temperature.
From an economic point of view, looking only at the energy efﬁciency is too optimistic because it does not guarantee the usefulness of the collected energy. However, while the low exergetic
content of heat implies that it is difﬁcult to transform it into
mechanical or electrical work, it does detract from the fact that
the heat can be directly utilized in secondary applications.
Therefore, the introduced new metric, of enhanced economic value
coefﬁcient, better quantiﬁes the signiﬁcant role of the harvested
thermal energy in boosting the economic value of an HCPVT system. This work introduces a new line of thinking to the operation
of HCPVs, namely, achieving optimal electric efﬁciency, while
ensuring maximum utilization of the usually wasted, but economically very valuable, thermal energy of the coolant.
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