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ABSTRACT 

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 
rather low 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 system 
presented in this lecture is the outcome of collaborative 
research in my research group, with the IBM research lab in 
Zurich and the Fraunhofer Institute for solar energy systems in 
Freiburg, Germany. It consists of a scalable hybrid 
photovoltaic-thermal receiver package, cooled with an 
integrated high performance microchannel heat sink we initially 
developed and optimized for the efficient cooling of 
electronics. 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. 

 
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. 

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 concentrator system because of the generated high power 
densities. Especially CPV systems require strict temperature 
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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 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 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. The research lays a thermodynamic foundation 
for developing hybrid photovoltaic-thermal systems with 
integrated energy reuse and minimal carbon footprint. 

 

NOMENCLATURE 
 
A  [m2] Receiver Area () 

C [-] Concentration ratio 
cp [J/kg K] Specific heat capacity (J/kg K) 
DNI [W/m2] Direct normal irradiance () 
EEVC [-] Enhanced economic value coefficient 
!Ex  [W] Exergy (W) 

h [J/kg] Enthalpy (J/kg) 

m
i

 [kg/s] Mass flow rate (kg/s) 
P [W] Power (W) 

Q
i

 [W] Heat (W) 

thR  [K/W] Thermal resistance (K/W) 
s [J/kg K] Entropy (J/kg K) 
T [K] Temperature (K) 
U [-] Utility function 
 
Greek letters 
Δ  Difference between inlet and outlet 
η   Efficiency 
χ   Price for 1 kWh of energy 

 
Subcripts 
0  Reference from ambient 
comb Combined (electrical and thermal) 
el  Electric  
ff  Fossil fuels 
in  inlet 
max  Maximum 
MP  at the maximum point 
out  Outlet 
pump Pump 
Sol   Solar 
sun  Sun 
th  Thermal 

 

EXPERIMENTAL SETUP 
The investigated setup and its different components are 

shown in Figure 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. 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 solar cell segments. Each segment 
of the MIM was protected by a bypass diode which is 
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monolithically integrated into the semiconductor layer structure 
[34]. The total area of the MIM cell was 4.33 cm2. 

  

 
Figure 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. 
 
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 Figure 1c. 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 Figure 1c. 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. 
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 Figure 1a) with a tracking 
accuracy of 0.12°. The sunlight was concentrated on the 
receiver with a parabolic dish concentrator having a 
concentration ratio of approximately 500. 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 Figure 1b, 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 µm 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 
LabVIEW®. The entire test facility was installed in Zurich, 
Switzerland. A comparable setup is located at Fraunhofer ISE 
in Freiburg, Germany [37]. 

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). 

  

RESULTS AND DISCUSSION 
 

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 

  
Rth =

ΔT
!Q  (1) 

The total thermal resistance of the receiver package can be split 
into three components connected in series as shown in Figure 
1e. 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 
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. 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 thermal resistance of 
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the solder interface and the heat sink was measured using the 
four RTD sensors between solar cell and heat sink. The 
resulting overall thermal resistance is plotted in Figure 1d at 
different coolant flow rates and the coolant inlet temperatures. 
The thermal resistance 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 0.2 Kcm2/W 
corresponding to a 20˚C temperature difference between solar 
cell and coolant for a concentration of 1000 suns (1 sun = 
0.1 W/cm²). 
 
Preliminary solar cell characterization 
 
The electrical performance of the solar cell was determined 
with current-voltage characteristics (I-V curves) for a coolant 
inlet temperature of 25°C under different intensities. The 
characterization was performed indoors at a flash sun simulator 
under homogeneous illumination. Variation of the distance 
between flash bulb and solar cell enables variation of the light 
intensity in the measurement plane. Figure 2a shows the I-V 
curves at different concentration ratios. At a concentration ratio 
of 489, the electrical efficiency is 20.0%. 
 
Outdoor performance 
 
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.  
Figure 2b shows the measured I-V data of the solar cell from 
outdoor testing. The overall open circuit voltage is given by the 
superposition of the open circuit voltages of the individual 
segments. A detailed analysis of such results with respect to 
homogenization effects effects can be found in [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.  
 

 
Figure 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 850 W/m2 and 920 W/m2. 
 
 
 
The electric efficiency of the receiver is given by:  

  
MP

el
P

C DNI A
η =

⋅ ⋅    (2) 
where A=4.33 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 
flowing from inlet to outlet ΔT, the mass flow m& and the 

specific heat capacity of the coolant pc : 

  
Pth = !mcpΔT   (3) 

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

  
MP th

comb
P P
C DNI A

η +=
⋅ ⋅  (4) 

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 Figure 3a. An increase of the 
cell temperature results in a minor drop of 0.02 %K-1 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-1. The inclusion of the thermal 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 [39]. Figure 3b shows the 
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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. 
 

 
 
Figure 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. (d) 
Energy efficiency of the photovoltaic receiver for electrical and 
combined electrical/thermal operation as a function of the 
coolant inlet temperature. 
 
 
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 amount of energy. The exergy input from solar 
irradiation, ExSol, can be calculated using the Petela[40] 
expression as: 

!ExSol = DNI ⋅ A 1−
4
3
To
Tsun

⎛

⎝⎜
⎞

⎠⎟
+ 1
3
To
Tsun

⎛

⎝⎜
⎞

⎠⎟

4⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

 (5) 
 
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 module Exth, can be written as [29] 

  
!Exth = !m hout − hin −To sout − sin( )⎡⎣ ⎤⎦  (6) 

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 60ºC in Figure 3c Approximately 
15% of the initial exergy is converted into electricity. The 
major part of the initial exergy is converted into heat. The 
conversion from radiation to heat already accounts 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 
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 Figure 3b 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 

  

η
2nd

=
!Exth + !Exel
!ExSol + Ppump  (7) 

where Exel denotes the electric power generated by the 
photovoltaic 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 Figure 3d 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 
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increase in the water inlet temperature from 25 to 70°C. From 
this behaviour, 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. It is worth mentioning that, in addition to 
the thermodynamic efficiency, economic considerations 
accounting for the geographic specificity of the area of 
application of the technology must be also taken into account 
[43].  
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