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Abstract 
 
  The different elements of the building envelope such as 
facades, roof and windows play a central role in its thermal 
behaviour, and new technologies that integrate their 
architectural functions with energy generation are emerging. 
A prototype of a building-integrated photovoltaic/thermal 
(BIPV/T) air collector was built, which is intended to 
perform the functions of thermal and electrical generation, 
light transmission and shading control. In this work, the 
prototype was tested during different seasons to investigate 
its thermal and electrical performances. The results showed 
a maximum temperature rise (from bottom to top) of 31 !C 
and average thermal and electrical efficiencies of 31% and 
7%, respectively. The experimental data were used to build 
2D and 3D models in COMSOL Multiphysics, in order to 
assist in the optimization of the various system components 
for the design of the next prototype. Simulations were 
performed to optimize the thermal output, through the use of 
different improvements which included changes in frame 
material, glass coatings and multiple glass panes, as well as 
heat transfer enhancement through the addition of fins on 
PV modules back. The prototype was also tested under 
different flow rates, in order to determine the effects of a 
higher heat transfer coefficient between the PV modules and 
airstream at higher air speeds. Results showed that 
significant increases in temperature rise and thermal 
efficiency between 15 to 35% can be achieved. 
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Characterization and Optimization of a  
PV/T Airflow Window Collector 

SW Prototype 
As a first application of the patent, a solar window prototype has been 
built, which takes some aspects from the original concept. 
It consists on a top and bottom part, both with clear double glass panels. 
The top part contains a 60 PV panels solar array, which are equally 
spaced and can be tilted. While the top part is more properly a window, 
the bottom part behaves like a solar wall.  

Fig. 2: Front of SW Prototype  
and airflow schematics. 

Conclusions 

The thermal and electrical performances of a prototype of a 
BIPV/T airflow window have been tested. The results showed 
maximum output temperatures of 53.2°C during the winter, 
with a maximum temperature rise of 31°C. The thermal 
efficiency ranges between 25 and 40%, while the electrical 
one remains around 6-8%, with a generation of 20-25 W for 
the top PV array.  
Different strategies were presented to improve the system 
thermal generation, including better insulation, low-
emissivity coatings and convective heat transfer enhancement 
at the air-PV boundaries. The unit was tested at increasing air 
speeds, resulting in higher heat generated and higher thermal 
efficiency at the expense of lower output temperatures. Both 
2D and 3D simulations were carried out in COMSOL 
Multiphysics to optimize the various system components. A 
35% reduction in heat losses on the top part of the frame was 
possible by using wood instead of aluminum. The use of a 
triple pane glazing system with low-e coatings on surfaces # 
2, 3 and 5 provided an increase in air temperature, 
temperature rise and thermal efficiency of 21.6%, 40%, and 
32.8%, respectively, with respect to the experimental results. 
Additional aluminum fins on the PV back surfaces can further 
improve heat extraction, providing relative percent increase 
and decrease in air and PV module temperature of 16% and 
26%, respectively. 
 

 
It uses a 160 watt solar 
p a n e l  a s  t h e h e a t 
absorbing surface rather 
than the commonly used, 
plain black surface. Fans 
are used to accelerate the 
air, which enters the 
bottom vent and get warm 
as it raises up to the top 
vent.  
Also, a heat exchanger 
and a glycol cooling 
system were implemented 
to test the capabilities to 
collect the heat in a fluid. 

Prototype Overview 
 
   

2 Double Glazed 
Chambers 

Bottom Vent 

Top Vent 

Aluminum Frame Fans + Heat 
Exchanger 

160 W PV 
module 

6x10 Rotating 
PV array – 60 W 

24VDC PV System 

•! MPPT solar charge controller 
•! 12 VDC, 40Ah battery 
•! 12VDC load (fans) 
•! Watt meter – PV output 
•! Meter for battery and load status 
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Table 1 
Average parameters under different voltage configurations: Air speed, temperature difference, electrical and thermal powers, input and output 
temperatures and power consumed by the fans 

The results for the four configurations are shown 
in Fig. 7, while the average values for the 
temperature rise !T, the electrical power Pel, the heat 
transfer rate Q, the input and output air temperature 
Tin and Tout, and the power consumption of the fans 
are reported in Table 1. 

It can be noticed that lower air speed values result 
in higher temperature rises, which are close to 26°C 
for the 6 and 7.5 V cases, but also in lower thermal 
outputs, equal to 340 and 413 W, respectively. This is 
due to a lower convective heat transfer coefficient 
between the absorber surfaces (the PV modules) and 
the air, which results in lower heat transferred to the 
air and higher surface temperature. At the highest 
voltage level of 12 V, corresponding to an air speed 
of 0.8 m/s, the !T drops to 24.4°C, but the heat 
transfer rate absorbed by the air rises to 535W.  

The electrical generation is not affected too much 
by the airflow, and the average is close to the 20-21 
W range in all situations, while the power 
consumption of the fans is maximum (19.5W) at the 
rated voltage of 12 V and is less than half of this 
value for lower voltages. 

Since the main interest is in trying to maximize 

the temperature output, in order to be able to use the 
system for solar cooling in addition to space heating, 
the optimal airflow configuration is represented by an 
air velocity of 0.58 m/s, with a fans voltage level of 
7.5 V. This provides the highest temperature rise, and 
a relatively high heat transfer rate, as well as low 
power consumption by the fans, equal to only 8 W, 
resulting in a positive net electrical generation. 

4.4. Efficiency 

The thermal and electrical efficiency of the 
window under different airflow conditions are also 
reported in Fig. 8. As the airflow rate increases, the 
thermal efficiency increases as well, since a grater 
volume is in contact with the modules, therefore 
enhancing the heat transfer coefficient, which results 
in more heat generated for the same incident solar 
radiation. A smaller temperature difference with 
respect to the ambient temperature also contributes to 
higher efficiencies at higher flow rates, because of 
the smaller heat losses that this implies, while at 
lower airflows the higher temperatures produce 
higher convective and radiative losses. 

Input voltage of the 
fans (V) 

Average air speed at 
the outlet (m/s) 

"T (°C) Pel (W) Q (W) Tin (°C) Tout (°C) Fans power 
consumption (W) 

6 0.5 25.5 19.6 340 27.4 52.9 5 
7.5 0.58 26 21.7 413 22.3 48.4 8.25 
9 0.64 22.4 20.7 400 20 42.3 10.5 
12 0.8 24.4 20.4 535 22.8 47.2 19.5 

Increase heat exchange from PV to air: 

 

•!1) h enhanced 

!!Different air velocity tested at different fans speed. 
!! Thermal efficiency: increases with air speed 
!! Electrical power: fairly constant 

•!2) Increase in contact area A 

!!Aluminum fins attached on PV back 
!!Different fins numbers simulated for 1 cm fin length 
!!Optimal fins #: 14 
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Conclusion 
Many current technologies used for solar thermal are either 
relatively low temperature or require large tracking systems which 
are expensive and difficult to maintain. Our new XCPC design 
based on the principles of Non-Imaging Optics is able to achieve a 
medium range temperature output without the need to track the 
sun. While operating at temperatures around 200ºC the East-West 
“Superman” XCPC is able to achieve efficiencies above 40%. The 
“Superman” XCPC has the potential to alleviate much of the worlds 
natural gas usage without requiring a large footprint or heavy 
machinery. 
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Early Iterations 
The first versions of the XCPC consisted of a Non-Imaging Optics 
designed collector which would concentrate sunlight to a cylindrical 
receiver placed inside a vacuum tube without tracking. These 
XCPCs were designed with a solar concentration ratio of C=1.15 
and an acceptance half angle of 60º.  With these parameters the 
first XCPC collectors were oriented in a North-South aligned 
configuration to accept sunlight for approximately 8 hours of the 
day. From testing, the North-South XCPCs were found to operate 
at relatively high efficiencies at operating temperatures below 
180ºC. When reaching temperatures above 200ºC however, the 
efficiency of the collectors began to drop. A new design was 
needed to breach the 200ºC barrier while still operating at a high 
efficiency. 

Background 
Typical solar thermal collectors fall into tow major categories. First 
low temperature flat plate collectors and second high temperature 
concentrating collectors. Flat plate collectors are simple in that they 
don’t require any motion tracking, but they are limited in 
temperature range, only reaching around 100ºC. The high 
temperature concentrating collectors are able to reach 
temperatures above 400ºC, but they require large complicated 
solar tracking systems which are energy intensive and difficult to 
maintain. Our goal is to develop a medium temperature range 
system that can concentrate sunlight without the need to track. 
Using the principles of Non-Imaging Optics a solar concentrator 
was developed to collect sunlight onto a uniquely shaped collector. 
Design and testing resulted in a new External Compound Parabolic 
Concentrator (XCPC) which can operate at temperature at or 
above 200ºC. 

 

Design 
The original design of the XCPC had the restrictions of seeing only 

a limited portion of the sky and could only reach around 180ºC 
at 40% efficiency. Our goal was to modify and improve the 
XCPC design to: 

� Operate for a longer period of the day 
� Reach an operating temperature above 200ºC 
� Maintain an operating efficiency at or above 40% at 200ºC 

To achieve these parameters a new Non-Imaging Optics collector 
was designed with a higher concentration ratio of C=1.5 and an 
acceptance half angle of 40º. The smaller acceptance half angle 
of the collectors meant they needed to be oriented in an East-
West direction. This East-West orientation allowed the collectors 
to see the sun throughout the entire day, while following its 
seasonal variation above the horizon.  

Secondly a new pentagonal shaped receiver was designed to more 
readily conduct heat to the heat transfer fluid. After many 
iterations it was found that a diamond or “Superman” shaped 
pentagon was the most effective for heat transfer, and collector 
design, as well as the simplest to manufacture. Simulations 
were done using LightTools software, Figures 3 and 4, to verify 
that our collector and receiver shape would effectively capture 
the majority of the input solar radiation. 

Performance 
To characterize the performance of the newly designed East-West 
collectors and the “Superman” tubes, a prototype was connected to 
a test loop designed to pump Druatherm 600 heat transfer oil. The 
test loop consisted of a pump, heating element, flow meter, and 
calorimeter, as well as thermocouple clusters across the inlet and 
outlet to the collectors and the inlet and outlet to the calorimeter. To 
determine the efficiency of the collector at different operating 
temperatures a general heat transfer equation was used to first 
calculate the power output of the collectors. 

        (eqn. 1) 

For testing, the flow rate, mdot was kept constant at 100 g/s. To 
calculate the heat capacity, cp of the oil, calorimetric measurements 
were taken by measuring the power input (Voltage times Current) 
to the calorimeter, the flow rate, and the temperature difference 
across the calorimeter. From these measurements and rearranging 
equation 1, the heat capacity of the oil was determined. 

        (eqn. 2) 

 

Figure 6 shows the calorimetric measurements and the resulting 
equation for determining the heat capacity at various temperatures. 
From here the power output of the collectors could be calculated 
from various measurements of collector temperatures. 

The efficiency of the XCPC collectors was calculated using 
equation 3 

        (eqn. 3) 

 

where     , and Cx=1.5 is the concentration 
ratio of the collectors. 

Applications 
There are many industries around the world that use process heat 
in some form. Many of these industries require temperatures 
between 200ºC and 400ºC for either manufacturing or processing 
of their products. A majority of the world currently uses natural gas 
or fossil fuels to produce those high temperatures. With this new 
XCPC design, solar thermal could potentially offset or even replace 
most of the worlds natural gas usage. The industrial applications 
where these new solar thermal collectors could be applied include 
but are not limited to: 

•Food Processing 

•Textiles 

•Paper manufacturing 

•Medical Sterilization 

•Boiler Preheating 

•Desalination 

•Absorptive Chilling 

Novel Design of an East-West XCPC for  
Solar Thermal Applications 

Jonathan Ferry, Lun Jiang, Roland Winston 
UC Merced, School of Engineering 5200 N. Lake Rd. Merced, CA 95343 

Fig. 7 - Efficiency of the East-West XCPC collectors at various operating temperatures. 

Fig. 6 - Heat Capacity 
characteristics of heat transfer 
oil measured via calorimetry. 

Fig. 4 - Light Tools simulation 
results of collector 

performance throughout  
seasonal change in sunlight 

angle. 

Fig. 3 - Light Ray Tracing of 
the XCPC collector profile 
and “Superman” receiver. 

Fig. 1 - Early generation 
design of the North-South 

XCPC 

Fig. 5 - Fully Constructed  East-West XCPC Prototype 

All data from 10/23/08 - 3/19/09 
Configuration: North-South 
Cx=1.15 
Effective Collector Area: 2.076 m2  
Tube: Jiang U-Tube 
Reflector: Reflectech (94%) 
 
Calorimetry measurements 

Efficiency based on Cx-corrected radiation 
   G = Direct  +  Diffuse/Cx [W/m2] 
 

All data from 10/14/13 - 10/15/13 
Configuration: East-West 
Cx=1.55 
Effective Collector Area: 4.5 m2  
Tube: "Superman" U-Tube 
Reflector:  (90%) 
 
Flow Rate Measurements 

Efficiency based on Cx-corrected radiation 
     G = Direct  +  Diffuse/Cx [W/m2] 
 

Fig. 2 - North-South XCPC Efficiencies 

System schematics 

!

24VDC PV system 

Testing Results 
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Frame Heat Losses  
•! Thermal-fluid modeling in COMSOL – material sweep 
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Electrical measurements 

Thermal and electrical efficiency 

•! Thermal and electrical measurements in summer, fall and winter. 

•! Maximum output air temperature 53.2 °C in winter, with a 
temperature rise of 31 °C. 

•! Thermal efficiency between 30-40% in central hours. 

•! Electrical power (top array): 20-25 W, with 6-8% efficiency.  

Thermal measurements 

Possible improvement strategies: 

•! Better insulation: 
!!Different frame material 
!! 3 or 4 glazing layers 
!! Lower conductive gas (Argon/Krypton) in insulated cavities 

•! Low emissivity coatings on glass surfaces 
•! Increased convective heat transfer between PV and air 

!!Increased airflow (higher heat transfer coefficient) 
!!Aluminum fins on the back of modules (more contact area) 
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   40.5 W                       26.1 W  

Aluminum Wood (oak) 

Heat losses: 

Top portion of  
the frame 

35.5% decrease 

•! Simulations with Low-e coatings, 3 and 4 glass panes and Argon filling 
•! Increase of output air temperature from 52.5°C up to 64-66°C, thermal 

efficiency from 32 up to 43-45%. 

Voltage 
(V) 

Air speed 
(m/s) 

!T (°C) Power 
(W) 

Heat 
(W) 

Tout 
(°C) 

Thermal 
effic. (%) 

6 0.5 25.5 19.6 340 52.9 27 
7.5 0.58 26 21.7 413 48.4 31 
9 0.64 22.4 20.7 400 42.3 30 
12 0.8 24.4 20.4 535 47.2 42 

T_PV= 42.5 °C 
T_out=21.25 °C 

T_PV= 36.62 °C    16 % increase in ! T 
  
T_out=21.453 °C   26 % decrease in ! T 
 

Configuration Glazing T_out (°C) !th (%) 

Uncoated Double 52.56 32.51 
Low-e on surface 3 Double 57 36.6 
Low-e on surface 2, 3 Double 58.66 38.1 
Low-e on surface 2, 3 Triple 62.6 41.58 
Low-e on surface 2, 3, 5 Triple 64.73 43.44 
Low-e on surface 4, 5, 7 Quadruple 64.7 43.41 
Low-e on surface 2, 3, 5, 70% NIR 
absorbance on surface 3 Triple 65.42 44.04 
Low-e on surface 2, 3, 5, 70% NIR 
absorbance on surface 3, Argon filling Triple 66.43 44.91 

T(°C) T(°C) 

Temperature profile at top vent 

q = h !A ! (TPV "Tair )A (

 Air velocity Contact area 

q h

velocity 

No Fins  
(1 PV module) 

14 Fins 

T(°C) 

T(°C) 

Experimental data for different fans voltages 
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