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Abstract 

Characterization Of An Airflow Solar Window 

by  

Andrea Chialastri 

Integrated building elements, which combine their structural and architectural 

functions with that of energy generation, are expected to become increasingly   

important in the future scenario of energy efficient buildings, and they could     

significantly contribute to the thermal behaviour of the building envelope in order 

to provide energy savings. A prototype of a building-integrated photovoltaic/ 

thermal (BIPV/T) solar air collector has been built by a Palo Alto start-up       

company, and consists on a double pane airflow window wall with photovoltaic 

(PV) louvers embedded in it. The unit is intended to perform the functions of both 

thermal and electrical generation, as well as light transmission and shading control. 

In this work, the prototype's performance has been tested in different outdoor   

conditions and under different airflow speeds, with the aim of investigating its 

thermal and electrical capabilities. The results presented in this thesis showed an 

optimal behaviour during the winter, with a maximum air temperature rise (from 

bottom to top) of about 30°C and average thermal efficiency of 31%. By using  

inexpensive PV modules with a rated efficiency of 12.5%, an actual electrical    

efficiency of 7% was recorded under the maximum operating temperatures. 
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Chapter 1 

Introduction 

1.1 Background 

1.1.1 Energy Consumption In Buildings 

One of the XXI century’s largest and most concerning issues is represented by the 

radical change and evolution that the world energy system is experiencing, character-

ized by a shift from a two-hundred-years-old energy system based on fossil fuels to-

wards a more complex scenario, which involves the use of renewable energy sources, 

distributed generation and smart grids, as well as energy saving and energy efficiency 

approaches. Buildings account for about 40% of the global energy demand [1], a 

large part of which is being used for space heating and cooling in both the residential 

and commercial sector. They also represent a remarkable fraction of the global CO2 

emissions in developed countries, which is about 39% for the U.S., 36% for Europe 

and 20% for China. Fig 1a [2] shows the trend of the U.S. total energy consumption 

by sector from 1949 to 2016. In the past decade, the energy used by the residential 

and commercial sectors were around 21% and 18%, respectively. As of February 

2017, the energy consumptions in the residential sector (Fig 1b) came mainly from 

natural gas (56%) and electricity (32%), the latter being produced using fossil fuels 

(56%), nuclear energy (25%) and renewable sources (19%) such as solar, wind, hy-

droelectric, biomass and geothermal energy (Fig 1c).  
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As shown in Fig 2, in the residential sector about 50% of the total energy demand is 

used for space heating and cooling [3]. This is closely related to the degree of insula-

tion between the building envelope and the environment, and any improvements to 

the different elements, such as ceiling, floors, walls and windows, would contribute to 

the overall thermal balance and provide energy savings. As shown in Fig 3, between 

35% and 55% of the energy transfer is from floors and ceilings both in summer and 

Fig 1: U.S. energy consumption: (a) total energy consumption by end-use sector; (b) residential 
sector and (c) electric power sector energy consumption by major sources [2]. 

 Figure 2.1 Energy Consumption by Sector
(Quadrillion Btu)
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By Sector, February 2017
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(c) U.S. Electric Power Sector Energy Consumption,     

    February 2017 (1015 Btu) 

(a) U.S. Total Energy Consumption by End-Use Sector, 1949-2016 (1015 Btu) 
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(Quadrillion Btu)

By Major Source, 1949–2016

By Major Source, Monthly

Total, January–February By Major Source, February 2017

.

38 U.S. Energy Information Administration / Monthly Energy Review May 2017

   2015                                                                2016                                                                2017

Nuclear Electric Power

Natural Gas

 Petroleum

Renewable Energy

Coal

Renewable EnergyPetroleum

Natural Gas

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
0

4

8

12

16

20

24

J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S O N D
0.0

0.6

1.2

1.8

2.4

Nuclear Electric Power

Coal

6.460
6.160 5.913

2015 2016 2017
0

2

4

6

8
0.923

0.670

0.568

0.507

0.016

Coal

Petroleum

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Nuclear
 Electric

Power

Natural
Gas

 Renewable
Energy

Web Page:  http://www.eia.gov/totalenergy/data/monthly/#consumption.
Source:  Table 2.6.



 

 3 

winter, 15% to 25% from walls and the remaining from fenestrations and possible air 

leakages [4]. 

Glazed openings such as windows, skylights and curtain walls accounts for 10% to 

20% of the total thermal losses in winter, and about one third (25% - 35%) of the heat 

gain in summer, and the development of new window technologies has been histori-

cally a major factor in lowering heating or cooling requirements of buildings.  

 

 

 

 

Fig 2: Residential energy consumptions in the U.S. in 2015 [3]. 

Fig 3: Heat losses and heat gain through the building envelope [4]. 
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1.1.2 Trombe Walls 

Many efforts have been made to reduce the energy requirements of buildings by 

means of sustainable design approaches, some based on active and passive solar sys-

tems and techniques, aimed towards what are called “zero net energy” buildings. 

Among the different technologies for passive solar building design, Trombe walls 

represent one of the main architectural features that contribute to the ventilation as 

well as heating and cooling of buildings, and have the potential of reducing energy 

consumption by up to 30% [5]. 

As shown in Fig 4, a conventional Trombe wall [7] consists of a glass panel (2) 

placed in front of a wall painted with a dark heat absorbing material (1), with an air 

space in between (3). As solar radiation (4) passes through the glass and reaches the 

wall, the temperature of the latter rises, and heat is slowly transmitted to the inside by 

conduction through the wall (5). The temperature increase is further enhanced by the 

Fig 4: Classic Trombe wall schematics [6]. 



 

 5 

glass opacity to the long-wave infrared radiation that the wall surface emits to the 

outside, which is reflected back by the glass, allowing for more heat to be captured 

within the air space.  

A more efficient variation is realized by means of vents at the bottom and top of the 

wall, which connect the air space with the inner room, therefore allowing for air cir-

culation (Fig 5). Furthermore, in a vented Trombe wall the temperature gradient that 

establishes between the cooler air entering from the bottom and the warmer air at the 

top generates convective currents, so that heat is transferred to the inside by convec-

tion as well. 

 

1.1.3 Flat-Plate Solar Thermal Collectors 

Solar thermal collectors can be classified in three main categories [9]: flat-plate col-

lectors, consisting of a single encasement rectangular box, evacuated tube collectors, 

made of parallel glass tubes with vacuum created inside each tube, and concentrating 

collectors, which are of various shapes and configurations (such as compound para-

bolic connectors, parabolic trough, linear Fresnel and central tower receiver), and 

Fig 5: Operation of a vented Trombe wall [8].  
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work by reflecting and concentrating the solar radiation to a focal point. Among the 

different types of collectors, the flat-plate one is the most widely used and most estab-

lished and mature technology, especially with regard to domestic hot water heating 

and space heating applications, and this chapter will give a short overview of this cat-

egory. 

Despite the use of different technologies, flat-plate collectors all share the same work-

ing principle, which is the conversion of solar radiation into thermal energy, or heat. 

This conversion is realized by the absorption of sunlight by a surface, called the ab-

sorber, which is in thermal contact with the working fluid (water or air) to which the 

heat is then transferred and carried out of the collector to be used or stored. The ab-

sorber is generally a black-painted surface, as it will have a better absorptivity, which 

means that a larger fraction of solar radiation is absorbed and converted into heat. The 

use of spectrally selective materials would further increase the absorption by captur-

ing more radiation in the solar wavelengths range (visible and near-infrared) while 

limiting the radiation reemitted from the absorber in the long-wave infrared range. 

The solar spectrum is indeed composed of 3 main spectral bands: about 6.4% of the 

energy is within 250-380 nm (UV light), a large part of the radiation (around 48%) is 

emitted as visible light in the range of 380-780 nm and the remaining 45.6% as near-

infrared radiation, in a range of wavelengths ranging between 780nm and 2.5 µm 

[10]. 
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1.1.3.1 Liquid Type Collectors 

Liquid-based flat plate solar collectors consist of a selective absorber plate, generally 

made of copper or aluminum, a parallel or serpentine tube structure where the heat-

transfer fluid flows, a cover (glass or plastic) to reduce convective losses to the envi-

ronment, a thermal-insulating material on the bottom and sides of the collector to lim-

it conduction losses, and a sheet metal-case [11]. A schematic representation of a typ-

ical collector’s cross-section is shown in Fig 6. As the solar radiation reaches the ab-

sorber, it is converted into heat, which is then transferred through the pipes to the flu-

id, resulting in a temperature increase of the latter. The most commonly used liquid is 

water, which is mixed with glycol for applications in cold climates where the temper-

atures are likely to drop below freezing conditions. 

Fig 6: Solar water collector [12]. 
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Liquid flat-plate collectors are a simple and reliable technology, which is readily 

available, have no moving parts and are easy to install. Although they have a good 

cost-to-performance ratio, they are limited in temperature levels below 100 °C, as the 

efficiency drops significantly at higher temperatures due to increased heat losses. 

Typical temperature range is 40 - 80 °C for regular collectors [13], which makes them 

well suited for domestic hot water generation applications. 

1.1.3.2 Air Type Collectors 

Solar air collectors have a similar construction to that of liquid flat plate collectors, 

but they use air as the heat transfer fluid instead of water. They can be classified de-

pending on the different path the air enters in contact with the absorber (Fig 7) [14]. 

The flow can be above the absorber that is located down on the back insulation, and 

although it is the simplest design it is also the least efficient, since the air directly 

transfers the heat to the glass cover, and therefore the convective losses are higher. 

This can be overcome by having the air flowing under the absorber, which can be 

manufactured with fins to increase the heat transfer area. Having the flow on both the 

Fig 7: Different airflow patterns in solar air collectors [14]. 
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top and the bottom side of the absorber further enhances the heat transfer from the 

absorber to the air [15], even if this would reintroduce thermal losses through the 

glass cover. A more recent design uses an absorber made of a porous plate, through 

which the air flows, and it represents the configuration with the highest heat transfer 

rate, but the downside is a higher pressure drop across the collector, which requires 

more power for the fans circulating the air. [14]. A schematic of a typical commercial 

air collector is shown in Fig 8, where the absorber is composed of individual channels 

where the air flows. 

There are several advantages and disadvantages in using air as heat-transfer fluid in-

stead of water [16]. Air collectors have generally a simpler construction, due to the 

fact that there are no water-leakage problems and no freezing or boiling problems, 

therefore no protection is necessary. Air is also non-corrosive, and that implies less 

!"#$%&%!''()(!*+%&%(*,!-!*,!*+

./0123456 .3723456

!"#$"%&'&"%&"(#)*+,-#,$-#).)(&/0#(1,"2)
(*#'1*(*3*+(,$4#',"&+)

!" #$%&"'()*+),-./(
!" 0'()-1$+."2$)(/134"3$.5(2"1+"&(-1$.%
!" 6$1&+71"+'()-1$.%"/+818
!" 9$,'3("1+"$.81-33

! 56789:;!<"=>?#@#A>B
/+,'-/1"/+33(/1+):")(-24"1+"+'()-1(

51&#,+(&-",($3&0#C$(1#4*""&4($*"#(*#(1&#&+&4D
(-$4,+#/,$")#)E''+.
;+,'+8$1$+."+*"1&("/+33(/1+)"8$,$3-)"1+"1&-1"+*"1&("5678D
9:;!<"-31&+7%&"<$1&+71"'&+1+=+31-$/"'-.(3

! >+273-)"/+33(/1+)"8481(,"<$1&"'+88$?$3$14"+*"?($.%"-22(2"1+
!" @7("1+"1&("-?8(./("+*"1&("?7$31!$."'&+1+=+31-$/"'-.(3:"

$1"$8",+)("(/+.+,$/-3"1&-."1&("56789:;!<"8481(,
!" A"8481(,"<$1&+71"+=()!&(-1$.%"+)"*)((B$.%"')+?3(,8:"+)

*-7318"?(/-78("+*"(8/-'(8

89+%/"+!:
+;:9<=;%89+%5(:
C."87,,():"1&("&+1"-$)"$."1&("/+33(/1+)8"/$)/73-1(8
-)+7.2"-."A$)!6-1()"&(-1"(D/&-.%()"$."1&(
9:;!<F:GE

F&("%(.()-1(2"8+3-)"&(-1"$8"81+)(2"$."-"8+3-)
-//7,73-1+)"-.2"8+"&+1"<-1()"$8"-=-$3-?3("2-$34E
H"I*.#.*E-#)*+,-#)1*C&-J

/;"+%-!:'9:>"*)!%,9
./0123456%"*,%.3723456%;"?!@

G+)",-D$,7,")-2$-1$+."$.1(.8$14"<$1&"-"78-%(
+*"HII"6J,K:"1&("1&(),-3")$8(",-4"?(/+,(
LIM";E"F&(8("/+.2$1$+.8"/-."?("+?8()=(2"+.
/+32:"/3(-):"<$.1()"2-48E"HIN"+*"1&$8"8+3-)
(.()%4:"1&-.58"1+"56789:;!<"+)"5:K9:;!<
$8"/+.=()1(2"$.1+"1&(),-3"(.()%4"-.2"$8"1)-.8!
'+)1(2"$.1+"1&("?7$32$.%E

!))&/L+.
M-,/&

!+E/$"$E/#,L)*-L&-) N*++&4(*-#4,)&

O$L-&P+,))
$")E+,($*"
*M#QB#//

9&',-,($*"
)1&&(

AAAB+A(*#9C":B)9>

9+3-)"-$)"8481(,
<$1&"9:;!<F:G

9+3-)"-$)"8481(,

IO
JI

P"
!"<

(?
*)$

(.
28

E2
(

!+E/$"$E/
,L)*-L&-

O$L-&P+,))
$")E+,($*"
*M#QB#//

K1*(*3*+(,$4#',"&+0
%-$3&)#(1&#3&"($+,(*-

9E4($*"#*M
M-&)1#,$-

HR$(#(EL&#*M
1&,(&%#,$-

61,(#'&-M*-/,"4&#%*&)#,#5678D#@#5:K9:;!<#1,3&S

Q
()

*+
),

-.
/(

"R"
6

"S

C.1(.8$14"+*")-2$-1$+."R"6J,K"S

T#//#),M&(.#P+,))

T#//#),M&(.#P+,))

!"#$%&'())*'%+,$-./$%0"1+,.2&'())*'%3"4,$%&156
!"#$%&'()&*+,,-%&./%$0-12
31&1455561789-%:
;-,<=1>64?4@15A?BC21DE&C
F$G=1>64?4@15A?BC21DE&AC
+)H(I:%$88-%&"(,$%<J(8
KKK<:%$88-%&"(,$%<J(8

=
:"

>
>

!
:&

#9
C"

:B
)9

>
"CA"$#

9*%+;!
#<**$%#(,!

8!"+%"*,%?!*+(C"+!
<#(*=%+;!%#<*

./0123456

Fig 8: Schematics of a solar air collector (Source: Grammer Solar GmbH, Germany). 
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maintenance and an increased collector life, as well as the possibility to safely feed 

the air directly into a heated room, in which case the air collector can also be integrat-

ed with the building ventilation system as a means of supplying fresh heated air from 

the outside. On the other hand, air systems require larger ducts than water piping to 

be installed in a building, as well as more electricity consumption by fans or blowers 

for ventilation due to the higher pressure drops. Furthermore, the poorer thermal 

properties involve lower collector efficiencies in comparison to water ones, and also 

make the transfer of heat to another fluid, such as water for hot water generation, 

more difficult and requiring larger exchanger surfaces [17]. 

1.1.3.3 Hybrid PV/T Collectors 

A fairly recent development in solar energy technology is represented by a hybrid be-

tween photovoltaic modules and solar thermal collectors, in what are referred to as 

photovoltaic-thermal solar collectors (PV/T) [18]. Here a photovoltaic (PV) module is 

embedded into a thermal collector, forming a single cogeneration unit for both elec-

trical and thermal conversion.  

Commercially-available crystalline silicon PV modules operate operate at efficiencies 

in the 10-20% range. Of the remaining portion of the non-converted solar radiation, a 

small fraction (5-10%) is reflected by the glass cover and the rest is converted into 

heat, which constitutes the major energy output of a PV module. The heat generated 

contributes to raise the cell temperature by up to 50°C above the ambient [19] if the 

heat is not removed, resulting in a drop of electrical performances as the temperature 
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deviates from the standard operating temperature of 25°C [20]. Removing the heat 

and putting it to use has therefore two main effects: it cools the PV module, allowing 

it to operate at lower temperatures (and thus more efficiently), and it adds a thermal 

generation component to the system by having a warm air output [21], which can be 

used for ventilation, space heating or water heating. When compared to a separate PV 

module and stand-alone thermal collector, a hybrid PV/T collector generates more 

energy per unit surface [22], due to the fact that the PV and thermal components share 

the same support, therefore the same energy (electrical + thermal) could be produced 

with less surface area, which implies some cost savings. This type of collectors is 

then well-suited for applications requiring both electricity and heat, and where the 

available space for collectors’ installation is limited.  

The PV/T electrical efficiency can either be higher or lower with respect to a regular 

PV module, and this depends on the impact that additional glass layers could have on 

the electrical generation (caused by additional absorption and reflection effects) as 

well as on the capacity that both the glazing and the heat transfer fluid (by providing 

insulation and heat removal, respectively) have to prevent the module temperature 

from rising [23]. The thermal efficiency is instead always lower than in the case of a 

regular thermal collector, and this is due to the non-optimal solar absorption coeffi-

cient of PV modules and to the fact that a part of the solar radiation is used to gener-

ate electricity. 

Hybrid PV/T collectors can use water or air as the heat-transfer fluid, and have a 

similar construction to that of flat plate modules, with the difference that PV cells can 
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be directly pasted onto the absorber or a PV module can constitute the absorber itself 

[24]. For a water-based collector, copper pipes are generally placed below the absorb-

er (Fig 9), while in an air-based collector the absorber can be placed in the airflow in 

the same way as previously discussed in Section 1.1.3.2, with an additional possibility 

to place the PV module in place of the outer glass cover. 

 

 

 

Fig 9: Hybrid PV/T solar collector (source: Solimpeks). 
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1.2 Project Description 

The principal objective of this thesis resides in the characterization and performance 

evaluation of a prototype of a newly developed Building-Integrated Photovoltaic-

Thermal air collector (BIPV/T). The prototype was built by SolarPath Inc., a startup 

company located in Palo Alto, California, and it is based on a patent (US 8,046,960 

B1) by Dr. Narinder Singh Kapany, who invented a new way of integration of photo-

voltaic systems into building ventilated façades [25].  

An experimental investigation has been conducted in Salinas, California, which con-

sisted of a series of electrical and thermal measurements performed under different 

testing conditions. The recorded data have been used to evaluate the energy genera-

tion capabilities and performances of the prototype, with the aim of determining the 

integration feasibility of this component into the energy system of both residential 

and commercial buildings. 

In this chapter, a brief overview of the patent and a description of the actual prototype 

will be provided. 

 

1.2.1 The Solar Window Concept 

An evolution of the Trombe wall is represented by the invention of a new type of so-

lar window patented by the Indian-born American physicist Dr. Narinder Singh Ka-

pany, which integrates this concept with those of building integrated photovoltaics 
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(BIPV) and hybrid PV/T collectors, further extending it to building fenestrations such 

as windows and window walls. 

The invention is shown in Fig 10. It consists of a double pane window, where a bot-

tom and a top vent are realized to host fans and air filters (elements 170 and 175 in 

Fig.10), allowing air to circulate through the cavity (120) between the two glass panes 

and be filtered. Photovoltaic cells (140) mounted on louvers (145) can be placed in 

the cavity, which perform the multiple functions of providing shading control, gener-

Fig 10: Solar window concept [25]. 
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ating electricity and converting the remaining absorbed fraction of the incoming solar 

radiation into heat. The latter is then transferred from the PV louvers to the air that 

circulates from bottom to top and carried out of the window through the top vent, so 

that it can be either put into use or expelled outside by optional shutters (160a and 

160b), which could be controlled by a thermostat (165) that determines whether to let 

the air entering or exiting the building, depending on the actual room temperature. 

The two glass panels are can be coated with anti-reflective layers (125a and 125b in 

Fig 10) on both sides to reduce reflective losses, and infrared reflective coatings (130) 

could also be placed on the inner sides facing the cavity, in order to reach maximum 

heat gain within the air gap by reflecting back the long-wave infrared radiation emit-

ted by the PV louvers.  

The patent includes also the possibility of having a thermoelectric generator (180) at 

the top for additional conversion of heat into electricity, as well as a water heating 

unit (190) that transfers the heat to a water circuit which is fed from the outside of the 

window. 

 

1.2.2 The Solar Window Prototype 

A first prototype that is based on the aforementioned concept was constructed, featur-

ing most of the elements included in Dr. Kapany’s patent. The prototype is shown in 

Fig 11, and consists of 2 double glazed window compartments with an air cavity in 

between, held together by an aluminum frame.  
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 Fig 11: Solar window prototype. 
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Table 1: Prototype geometrical characteristics. 

The principal geometrical characteristics of the prototype are reported in Table 1. The 

first lower section of the frame hosts the input vent, which in this case is realized on 

the outer side of the window, allowing the window to operate in what is called “air-

supply mode”, where fresh ambient air is supplied to the inside of the building and 

therefore contributes to fulfill ventilation requirements. The vent consists of two aper-

tures of 5.79 x 35.56 cm each, and a metal grid and aluminum fins act as an air filter, 

Width 0.91 m Bottom vent area 411.78 cm2 

Height 2.92 m Top vent area 248.5 cm2 

Depth 10.2 cm Parallax module dimensions 12.5 x 6.3 cm 

Total gross area 2.67 m2 Parallax module area 78.75 cm2 

Total glazed area 1.958 m2 Total top PV array area 0.4725 m2 

Top glazing area 0.658 m2 BP Solar SX 170B area 1.258 m2 

Fig 12: Photograph of the top vent. 
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preventing dust from entering the window. The output vent, shown in Fig 12, is locat-

ed at the top section on the back of the unit, and it is a single aperture with dimen-

sions of about 3.5 x 71 cm. The forced ventilation is realized by 10 Sunon 

KDE1208PTB1-6(OC) computer fans with an operating voltage range of 5-13.8 V 

and rated power of 2.6 W each at 12 VDC, which are placed inside the top section of 

the frame as well. A heat exchanger is located downstream of the fans, and it is com-

posed of a U-shaped copper pipe and aluminum fins that are in thermal contact 

through a metal plate to which they are welded. The pipe runs down along the left 

side of the window (with respect to a front view), and ends in a storage tank contain-

ing glycol and a 65 W water pump to circulate it. This allows the heat to be trans-

ferred to a fluid circuit that could be used for radiant floor heating or to preheat water 

during the summer months when the heat is most needed for domestic hot water pro-

duction. Fig 13 shows two pictures of the fans and heat exchanger components. 

The two main middle sections consist of the double glazed air cavities, which enclose 

a fixed regular PV module at the bottom and a movable PV array at the top. In the 

bottom compartment, which has an aperture of 1.3 m2, a BP Solar SX170B photovol-

taic module has been installed, that is rated at 170 W with a nominal efficiency of 

13.5%. The top double-glazing encloses an array of 60 Parallax XHHOO1-4 PV 

modules, which are mounted on 10 plastic rods (holding 6 modules each) that can be 

manually tilted up to 25° with respect to the normal to the modules. The Parallax 

modules’ electrical specifications are reported in Fig 14.  

The PV array makes the top part of the prototype into what can be defined
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Fig 13: Fans and heat exchanger at the top of the unit. 
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more properly as a window, as it allows visibility through it, while the bottom section 

enclosing a regular photovoltaic module looks more like a solar wall. The original 

reason of using this type of layout instead of a full PV array on the whole window 

was to test the maximum absorbing capability of the PV surfaces, which in this case 

act as thermal absorbers, and are the central component of the system. The BP Solar 

module contributes to the overall thermal performances but it was not included in the 

electrical measurements, which were carried out on the PV array alone, as the final 

product is intended to look like a window on the entire height.  

 

 

 Electrical specifications - XHHOO1-4 

Rated power 1 W 

Open circuit voltage 7.2 V 

Short circuit current 183 mA 

Max power voltage 6 V 

Max power current 166 mA 

Operating temperature 0 – 70 °C  

Number of cells 12 

Fig 14: Parallax XHHOO1-4 module: front (top left) and back (top right), and its electrical 
characteristics.  
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Fig 15: Air passages and tilting of the PV array. 
 

The transition between the different sections of the window is realized through the 

use of holes into the aluminum shell, in order to allow for air circulation and connect 

the two air cavities. The fans move the outside ambient air from the bottom vent into 

the double glazing, where it flows over the PV hot surfaces heated by the solar radia-

tion, and carries the transferred heat up in its rising motion towards the top output 

vent. Fig 15 shows a close-up of the PV array where the passages interconnecting the 

different sections can be seen, along with the tilting mechanism on one side of the 

window, while a schematic of the cross sectional view of the window, with the air-

flow path represented, is represented in Fig 16. 
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Fig 16: Cross section and airflow schematic. 
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Chapter 2 

Measurement Instrumentation and Methods  

2.1 Thermal Testing 

Thermal measurements were taken in order to test the thermal performances of the 

prototype, which operates similarly to a solar air collector and therefore can be char-

acterized using the same type of relationships, which will be discussed in the next 

section. The principal parameters of interest are the temperatures at the input and at 

the output of the window, the airflow properties, which includes the air velocity, air 

density and specific heat at constant pressure, and the solar radiation incident on the 

unit. 

2 K-type (chromel-alumel) thermocouples were installed at the bottom vent (Fig 17) 

to sense the input temperature, and 4 K-type at the top vent for the output air tem-

Fig 17: Thermocouples placement (marked with red circles) at the bottom vent. 
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perature (Fig 18).  

Two more thermocouples have also been installed on the back of two PV modules on 

the array, located one at the second row on the top and one at the second row from the 

bottom, in order to monitor the temperature levels reached by the array. 

Fig 18: Thermocouples setup on the window back (red circles).  
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An Extech 410 Multimeter and two EA10 EasyView Dual Input Thermometers were 

used for reading and display of temperature data. The air velocity at the output has 

been tested with a Kanomax Anemomaster 6006 LITE hot wire anemometer (Fig 19), 

which reads the air speed in the direction perpendicular to the probe and has an accu-

racy of ±5%. To ensure this orthogonality condition, a small duct has been used to 

extend the output section and allow the air to come out horizontally. The measure-

ments have been taken at nine different positions on the output section, and for each 

of them the probe was placed at three different height levels, so as to have a grid of 

27 data points. 

 

Fig 19: Hot wire anemometer for air velocity readings. 
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Table 2: Air velocity reading (in m/s) at 9 data points at different times. 

 

A sample of an air velocity data recording for 3 different times is reported in Table 2, 

where v_1, v_2, … v_9 represent the 9 evenly spaced data points, which go from left 

to right on the top vent cross section. 

A pyranometer Ambient Weather TM-206, with an accuracy of  ±10 W/m2, was used 

to record the global irradiance incident perpendicularly to the window surface, as well 

as the global tilted irradiance (including beam, diffuse and reflected components) at 

local solar azimuth and elevation. 
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2.2 Electrical Testing 

The electrical generation of the top array, composed of the 60 PV modules, was test-

ed. To compare the actual performances with the manufacturer’s data, two PV mod-

ules were individually tested first, and their I-V characteristic curves were generated. 

These preliminary measurements were carried out by exposing the modules perpen-

dicularly to the sun’s rays and connecting them to a 350 Ω Ohmite RES350E-ND 

rheostat, which acts as a variable resistive load. By varying the rheostat resistance 

from 0 to 350 Ω, that is from a short-circuit to an almost open-circuit condition, the 

PV module response (in terms of voltage and current) has been recorded. The first 

module was tested outside the window, while the second was one of the modules on 

the bottom part of the array (3rd row from bottom), tilted by 20°, the latter receiving 

therefore less solar radiation due to reflective losses through the glass.   

The electrical output of both modules is plotted in Fig 20, where the experimental da-

ta for current and power versus voltage are shown, along with their 6th order polyno-

mial interpolation curves. The testing conditions and main data are reported in Table 

3, where IPV is the solar irradiance on the module’s plane, TPV is the temperature on 

the module’s back, Isc and Voc are the short-circuit current and open-circuit voltage 

 

 IPV TPV Isc Voc Pmax 

Outside module 1026 W/m2 38 °C 190 mA 6.9 V 0.96 W 

Inside module 920 W/m2 49 °C 164 mA 6.4 V 0.78 W 

Table 3: Testing conditions and data for I-V curve measurements. 
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Fig 20: I-V characteristics for the PV module tested outside (top plot) and inside (bottom plot) of 
the double glazing. 
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recorded, respectively, and Pmax is the maximum power produced.  

It can be seen that the module tested outside behaves very closely to the manufactur-

er’s specifications at standard testing condition (irradiance of 1000 W/m2 and cell 

temperature of 25 °C), with a Isc = 190 mA (vs. 183 mA at STC) and Voc = 6.9 V (vs. 

7.2 V at STC). The short-circuit current increase is caused by two factors that com-

bine: the higher temperature of 38°C (even if current increases only slightly with 

temperature) and the higher solar irradiance of 1026 W/m2. On the other hand, a 

higher irradiance causes a minimal increase in the voltage, while the higher tempera-

ture has a more significant impact in reducing it.  The inside module receives instead 

a smaller amount of radiation (IPV = 920 W/m2), which causes a smaller short-circuit 

current (Isc = 164 mA) and, due to the fact that is placed inside the double glazing, its 

temperature reaches a even higher value (TPV = 49 °C), which results in a further re-

duction in open-circuit voltage, that drops to 6.4 V.  

In the first case, a maximum power of 0.96 W has been obtained, which decreases to 

0.78 W for the second module. These values can be used to calculate the temperature 

coefficient for power CP, which indicates the power reduction per degree °C with re-

spect to a reference situation, which can be calculated as follows [26]: 

CP =
ΔP
ΔT

=
P '−Pre f
T '−Tre f

                                                                                                    (1) 

where P’ and T’ are the power and temperature at the actual measured conditions, that 

is Pmax and TPV, respectively, in this case, while Pref and Tref indicates instead the 
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same quantities calculated at a reference condition. The latter are considered to be the 

same as the power that a similar module at Tref = 25 °C would generate with the same 

input solar irradiance. Under these conditions, the power Pref is only dependent on the 

solar irradiance, and can be evaluated through the proportionality relation [27]:   

Pre f
PSTC

=
IPV
ISTC

                                                                                                                 (2) 

with PSTC = 1 W and ISTC = 1000 W/m2 are the power and current at standard testing 

conditions. For IPV = 1026 W/m2 (outside module), Pref = 1.026 W, and for IPV = 920 

W/m2 (inside module), Pref = 0.92 W. 

Therefore, by considering that Pmax = 0.96 W and TPV = 38°C, equation (1) gives in 

the first case a power temperature coefficient CP = -0.00507 W/°C, while in the se-

cond case (for Pmax = 0.78 W and TPV = 49°C) it is CP = -0.00583 W/°C, which is in 

line with the typical values found in commercial mono-crystalline Si modules, that is 

around -0.005 W/°C. 

In order to measure the power output of the top PV array, consisting of the 60 mod-

ules, a stand-alone system was set up. The system was sized to be able to run a load 

Pload = 91 W, composed of the 10 DC fans, rated at 2.6 W each, and the 65 W water 

pump, for a period ∆t = 5 hours continuously. The required energy Eload is then: 

Eload = Pload ⋅ Δ t = 4 5 5 W h                                                                                       (3) 

By choosing a 12 V DC battery, the minimum capacity that it should provide is given 

by [27]:  
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Cba t t e r y =
Eload

Vra t ed
= 3 7 . 9 A h                                                                                        (4) 

where Cbattery is the battery capacity and Vrated is the rated battery voltage. A 40 Ah 

battery has been chosen. Generally a 12 V battery will have an actual voltage of 14 to 

14.5 V, so in order to ensure that the array will effectively charge the battery the min-

imum array voltage needs to be corrected using the following relationship [27]: 

VPV =1 . 2 ⋅ Vra t ed − Vra t ed ⋅C%V ⋅ Tmax −Tre f( )#$ %&{ }                                                           (5) 

where VPV is the array voltage, C%V is the temperature coefficient for voltage, which 

is around -0.004 V/°C for most PV modules, Tmax is the maximum expected module 

temperature and Tref is the reference temperature, that is 25 °C. By using a rated volt-

age of 12 V and Tmax = 60 °C, equation (5) gives a minimum voltage for the PV array 

of 16.4 V. An array voltage of 24 VDC was chosen, in order to minimize the current 

involved and then reduce power losses and the conductors’ size. The 60 Parallax 

modules have been connected 4 by 4 in series, and the resulting 15 strings were paral-

lel connected, as shown in Fig 21. The nominal voltage of the array is given by the 

rated module voltage (6 V) multiplied by the number of modules connected in series 

(4 in this case).  

In order to determine the correct conductor size that is able to handle the actual oper-

ating currents, a maximum current should be evaluated. This would be the sum of the 

short-circuit current ratings of the parallel-connected modules (0.183 A x 15 strings) 
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multiplied by a safety factor of 125%, which accounts for possible enhanced radiation 

levels that would produce higher currents, resulting in a maximum current of 3.43 A.  

For PV source circuits, as this is the case, an additional 1.25 factor is used to calculate 

the minimum ampacity (the current-carrying capacity) which the conductor should be 

sized for, that results in 4.29 A. Nominal ampacities for insulated conductors are gen-

erally based on an ambient temperature of 30 °C, and since the wires inside the air 

+ 

- 

Fig 21: PV connection schematics: series connection (green) and parallel connections (red and 
black). 
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cavities of the window will experience much higher temperature levels, a temperature 

correction factor is used to calculate the derated capacity [27]: 

Inom =
Imax
CFtemp

                                                                                                             (6) 

where Inom is the derated conductor nominal capacity, Imax is the maximum circuit cur-

rent previously calculated (4.29 A) and CFtemp is the temperature correction factor. 

The latter is given for various ambient temperature intervals in NEC Table 

310.15(B)(2)(a), that is reported in Fig 22. By choosing a conductor with a USE-2 

insulation with a 90°C rating, for a surrounding temperature above 60 °C, the CFtemp 

Fig 22: Ambient temperature correction factors. Source: NEC Table 310.15(B)(2)(a). 
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ranges between 0.65 (for 61 - 65 °C) and 0.29 (for 81 - 85 °C). Since previous test-

ings have reported temperature values for the PV array not exceeding 80 °C, a value 

of 0.41 for CFtemp has been selected, which through equation (6) gives Inom = 10.46 A. 

The conductor size has been chosen to be 20 AWG (American Wire Gauge), which 

for conductors in free air has a rated ampacity of 13 A. 

The complete PV system is composed of the 60 W rated PV array, the 40 Ah 12V DC 

battery and the 12V DC load represented by the fans, which have been all connected 

through a Tracer-2210RN MPPT solar charge controller, as shown in Fig 23. The 

Fig 23: Photograph showing the charge controller, the battery and the connections with the PV 
array (left conductors) and DC fans (right conductors). 

DC Load 
(Fans) 

PV array 

Battery 

MPPT 
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electrical specifications are reported in Table 4. This charge controller controls the 

charging voltage of the battery or the current supplied from the PV array, in order to 

allow the battery to operate at its maximum state of charge as well as to prevent any 

overcharge or overdischarge that will cause damages to the battery. Overcharge pro-

tection is realized by interrupting or limiting the current flowing from the array when 

the battery reaches a high state of charge (high voltage), while overdischarge protec-

tion involves the disconnection of the load when a low state of charge (low voltage) is 

detected.  

A maximum power point tracking (MPPT) charge controller manages the power flow 

between the PV array and the loads, depending on the battery charge level, and en-

sures that the array works at the maximum power point it could achieve at any given 

time. The maximum power point tracking is realized, for any given set of temperature 

and irradiance conditions, by changing the resistance seen by the PV array, so that it 

is equal to the optimal load that corresponds to the maximum power point, that is [28] 

 
Table 4: Charge controller specifications. 

Model name Tracer-2210RN 

System Voltage 12 / 24 VDC 

Rated Battery Current 20 A 

Rated Load Current 20 A 

Max PV input Voltage 100 VDC 

Max PV input power  260 W (12 V system) 

 520 W (24 V system) 

Efficiency (for PV voltage = 24 V, PV 
power = 60 W and system voltage = 12 V)  

95 % 
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Rop t =
VMP (T, I )
IMP (T, I )

                                                                                                          (7) 

where Ropt is the optimal resistive load, and VMP(T, I) and IMP(T, I) are the maximum 

power voltage and current, which depend on temperature and irradiance. Fig 24 

shows 3 different loads connected to a PV module at STC, corresponding to 3 differ-

ent operating points on the I-V curve. When the load is equal to Ropt, the module op-

erates at its maximum power point allowed by the external conditions, but if the load 

would change to RLA < Ropt (or RLB > Ropt), the MPPT charge controller would in-

crease (or decrease) the circuit resistance in order to bring the operating point back at, 

or close to MPP.  

The DC input from the PV is converted to high frequency AC and rectified back 

Fig 24: MPPT operation [28]. 
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down to a different DC voltage and current, which match the battery. The voltage and 

current regulation follows the following relationship: 

Vou t ⋅ Iou t =η ⋅Vin ⋅ Ii n                                                                                                    (8) 

where the subscripts out and in refer to the output and input voltage and current, re-

spectively, and η is the charge controller efficiency. The charge controller converts 

the excess voltage from the PV array (most of the time greater than 12 V) down to a 

12 VDC level, which is fed to the battery, while boosting the output current according 

to equation (8), with a 95% efficiency factor. 

The PV array voltage, current and power output are measured by a wattmeter, which 

is placed between the array and the charge controller terminals. A remote display is 

also connected to the charge controller, indicating the voltage and current levels of 

both the battery and the load, as well as the battery capacity percentage (Fig 25). 

 

Fig 25: PV array, load and battery monitoring. 
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Chapter 3 

Thermal And Electrical Performance Analysis 

3.1 Thermal Output   

The physical phenomena that take place when the prototype is fully operating involve 

all the three different types of heat transfer mechanisms, as well as a turbulent fluid 

flow due to the several obstacles the air encounters in its path through the unit (the 

input and output vents, the holes between the different sections and the PV modules). 

There is heat transfer by radiation between the sun and the exposed surfaces (result-

ing in a net heat absorption by the window), as well as radiation exchange between 

the different surfaces. Heat is then transferred inside by conduction from the exterior 

surfaces through the materials thickness, and there is convective heat transfer at the 

boundaries with the air, which removes the heat and carries it away in its ascending 

movement towards the top vent.  

For the purpose of determining the prototype’s thermal output, the complexity of this 

thermo-fluid dynamic problem can be reduced by treating the window as a black box, 

so that the output would include all previously mentioned effects.  

Therefore, the system thermal performances has been computed based on the net heat 

transfer rate absorbed by the air and carried out of the window, which is considered a 

control volume with one inlet and one outlet, represented by the bottom and top vents. 

A one-dimensional flow approximation has been considered, which means that all the 

properties are uniform at any cross-section perpendicular to the fluid flow, that is 
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generally true for flows in pipes or ducts. Moreover, all the variables (temperature, 

solar irradiance, air properties) are considered to vary only slowly during the course 

of the day, and then for each set of measurements the fluid flow can be well approxi-

mated as a steady-state system.  

Under these conditions, the mass flow rate at the input of the control volume must be 

equal to that flowing out of it (Fig 26), and the net rate of heat transfer to the fluid !Q  

[W] is given by [29]:  

!Q = !m ⋅cp ⋅ Tou t −Tin( )                                                                                                   (9)  

where !m [kg/s] is the mass flow rate, cp [kJ/kg·K] is the air specific heat at constant 

pressure and ∆T = Tout – Tin [°C] is the temperature difference between the output 

temperature Tout and the input temperature Tin.  

The specific heat of air between 20°C and 50°C, which is a common operating tem-

peratures range for the window, does not change noticeably. It only varies from 1.005 

kJ/kg·K at 300K to 1.007 kJ/kg·K at 330K, so the calculations have been made using 

an average constant value of 1.006 kJ/kg·K.  

Fig 26: Energy transfer and mass flow rate conservation in a control volume in steady-state condi-
tions [30]. 
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The mass flow rate !m  is calculated as follows [30]:  

!m = ρ ⋅ v ⋅A                                                                                                                (10)  

where ρ [kg/m3] is the air density, v [m/s] is the average air speed on a cross sectional 

area normal to the fluid flow, and A [m2] is the area of the cross section. Since in 

steady-state the mass flow rate is constant at any cross-sectional area, !m  has been 

evaluated at the output vent, for which A is equal to 0.02484 m2 and v is the velocity 

averaged over the measured values on the window outlet. The air density is computed 

for each set of data using the following relationship [30]:  

ρ =
pa

Rai r ⋅Tabs
                                                                                                            (11)  

where pa [Pa] is the atmospheric pressure, Rair = 287.058 J/kg·K is the air gas con-

stant, and Tabs [K] is the absolute temperature of the airflow.  

In the estimation of the thermal efficiency, similarly to how efficiency is calculated 

for solar collectors, the thermal output is compared to the total solar power that the 

Fig 27: Incident and normal radiation on the window [31]. 
33
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window receives, where only its component that is perpendicular to the window’s 

plane has a useful effect, as illustrated in Fig 27. The thermal efficiency ηth can there-

fore be expressed as [10]:  

ηt h =
!Q

Igl ⋅Agl
                                                                                                             (12)  

where Igl [W/m2] is the solar irradiance incident perpendicularly to the glass panels 

and Agl [m2] is the total frontal glazing area, equal to 1.958 m2, which represents the 

useful effective area that captures and transfer the solar radiation to the PV absorbers.  

In Fig 28 is reported a sample of the worksheet table used for thermal measurements 

and computation of the required parameters for equations (9) – (12). I_panels repre-

sents the irradiance on the window’s plane, while W_in is the total incident power, 

that is I_panels multiplied by the frontal glazing area Agl, previously defined. The av-

erage of the two thermocouples readings at the bottom vent is also reported 

(T_In_Avg), along with the 4 temperature measurements at the top vent (T_1,…T_4) 

and their average T_out_Avg. The resulting average value V_Avg from the air ve-

locity readings and the computed air density ρ are inputs for the calculation of the 

mass flow rate, here indicated as Γ. This, together with the derived temperature dif-

ference ΔT and the constant cp, are used to calculate the thermal output and thermal 

efficiency (shown as Q and η). 

  



 

 42 

 

 

 

 

 

 

 

 

Fig 28: Example of thermal measurements data worksheet and parameters computation.  

Date 24-Feb South facing, vertical Fans operated at 7.5V

Time I_panels W_In T_In_Avg T_1 T_2 T_3 T_4 T_out_Avg V_Avg ρ Γ ΔT Q  η
°C

11:00 720.00 1409.76 21.00 41.90 45.50 44.70 45.10 44.30 0.56 1.112 0.015 23.30 361.57 0.26
11.45 765.00 1497.87 21.00 48.60 51.80 52.20 50.70 50.83 0.58 1.090 0.016 29.83 471.66 0.31
12.3 770.00 1507.66 22.00 50.60 54.70 54.40 53.10 53.20 0.58 1.082 0.016 31.20 492.64 0.33
13:30 720.00 1409.76 24.00 48.30 52.30 52.50 51.20 51.08 0.58 1.089 0.016 27.08 426.47 0.30
14:15 610.00 1194.38 25.00 47.20 48.00 49.70 47.80 48.18 0.58 1.099 0.016 23.18 373.31 0.31
15:00 515.00 1008.37 21.00 42.20 42.80 43.70 42.60 42.83 0.57 1.117 0.016 21.83 351.62 0.35

Date 24-Feb South facing, vertical Fans operated at 7.5V

Time I_panels W_In T_In_Avg T_1 T_2 T_3 T_4 T_out_Avg V_Avg ρ Γ ΔT Q  η
°C

11:00 720.00 1409.76 21.00 41.90 45.50 44.70 45.10 44.30 0.56 1.112 0.015 23.30 361.57 0.26
11.45 765.00 1497.87 21.00 48.60 51.80 52.20 50.70 50.83 0.58 1.090 0.016 29.83 471.66 0.31
12.3 770.00 1507.66 22.00 50.60 54.70 54.40 53.10 53.20 0.58 1.082 0.016 31.20 492.64 0.33
13:30 720.00 1409.76 24.00 48.30 52.30 52.50 51.20 51.08 0.58 1.089 0.016 27.08 426.47 0.30
14:15 610.00 1194.38 25.00 47.20 48.00 49.70 47.80 48.18 0.58 1.099 0.016 23.18 373.31 0.31
15:00 515.00 1008.37 21.00 42.20 42.80 43.70 42.60 42.83 0.57 1.117 0.016 21.83 351.62 0.35

Radiation on PV panels (W/m2) 
Total incoming 
radiation (W) 

Input Temperature (°C) 

Output temperature data points 

Average output 
temperature (°C) 

Temperature gradient 
between top and bottom 

Airflow properties:  
- Output velocity (m/s) 
- Density 
- Flow rate (Kg/s) 

Thermal power output (W) 

Thermal efficiency 
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3.2 Electrical Output 

The PV system described in the previous chapter was used to monitor the photovolta-

ic array output and evaluate the electrical generation efficiency at which the system is 

able to operate.  

The specifications for the installed Parallax modules, which were given in Fig 14, can 

be used to calculate the rated electrical efficiency at STC, as well as the fill factor 

(FF). The latter is defined as the ratio of maximum power (equal to the product of 

maximum power voltage and current) to the product of open-circuit voltage and 

short-circuit current, and represents the squareness of the I-V characteristic and is a 

measure of the quality of a photovoltaic device. High fill factor values indicate a low 

equivalent series resistance and a high equivalent shunt resistance, which implies that 

less current is dissipated in internal losses. In terms of the I-V characteristic this 

means that in solar cells with a high FF the maximum power voltage and current are 

Fig 29: Fill factor representation on the I-V curve [31]. 
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closer to the open-circuit and short-circuit current, respectively, as shown in Fig 29. 

Commercial solar cells have generally a fill factor  > 70%, while the maximum value 

for Si is around 0.83. The fill factor FF for the Parallax modules has been determined 

to be [32]: 

FF = VMP ⋅ IMP

VOC ⋅ ISC
= 0 . 7 5 6                                                                                           (13) 

where VMP = 6 V, IMP = 0.166 A, VOC = 7.2 V and ISC = 0.183 A are the voltage and 

current at maximum power point and the open-circuit voltage and short-circuit cur-

rent, respectively.  

The rated electrical efficiency of a single module ηel, rated at standard testing condi-

tions (AM=1.5, 25°C and 1000 W/m2) is given by [33]: 

ηe l, r a t e d =
VOC ⋅ ISC ⋅FF
Iso l a r ⋅Apane l

=1 2 . 6 5 %                                                                          (14) 

where Isolar is the solar irradiance, equal to1000 W/m2, and Apanel is the area of a sin-

gle PV panel of 7.87 x 10-3 m2. 

The actual operating efficiency of the array, which takes into account the effect of a 

lower solar irradiance (due to the modules’ tilting, ambient variations though the day 

and reflection and transmission losses through the glazing) and a higher operating 

temperature, can be instead evaluated similarly to equation (12) as follows [27]: 

ηe l =
Pel

Ig l ⋅APV
                                                                                                            (15) 
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where APV is the total area of the 60 PV modules, which is equal to 0.4725m2, and Pel 

is the observed electrical power output.  

An example of the worksheet used for the electrical testing is shown in Fig 31. Here 

β1 represents the tilting angle of the normal to the window with respect to the ground, 

while α1 is the angle of the PV array with respect to the window’s plane, as shown in 

Fig 30 (therefore, a situation with both β1 and α1 equal to 20° refers to a 40° total tilt-

ing of the array with respect to ground). On the table the voltage and current levels 

for the PV array, the battery and the DC fans are also reported, along with the gener-

ated power and the solar irradiance in the direction of the normal to the modules sur-

face (I_panels). The last two columns are instead the temperature reading of the two 

thermocouples installed on the back of the PV modules, one on the top part and one 

on the bottom part of the array. 

 

β1 

α1 

 

 

  

Fig 30: Schematic showing the tilting angles for the prototype (black) and PV array (red). 
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Chapter 4 

Results And Discussion  

4.1 Summer Measurements 

Measurements on the thermal system were performed in Salinas, CA, in mid July, 

under 4 different conditions. The window was tested in an outside environment in 

both south-facing position and in sun tracking mode, with the latter meaning a con-

tinuous change of orientation of the prototype during the course of the day in order to 

keep it directed towards the sun. In both configurations, the window has been operat-

ed at 90° and 70° tilt angle with respect to the ground, corresponding to the window 

Fig 32: Tilting of the prototype by 20° . 
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in vertical position and tilted by 20°, respectively. A picture of the window in 20° tilt-

ing position is shown in Fig 32. 

After the first testing trials, the weather conditions characterized by growing wind 

during the afternoons coming from West and North-West suggested a different loca-

tion for the prototype, since it was observed that this affected both the temperature 

and air velocity readings, due to the cooling action of the wind on the sensors and the 

added turbulence on the back of the unit. The window was then moved close to the 

south wall of a pocket house (Fig 33), built on the same location, in order to provide 

Fig 33: Location for outside measurements. 
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shielding from the wind and ensure more stable conditions for taking data at the back 

of the prototype.  

The results for the normal solar irradiance incident on the window plane and output 

air temperature the are shown in Fig 34, while those for the air temperature rise be-

tween the output and input vents and the heat transfer rate are reported in Fig 35.   Energy and Buildings X 5 

The average temperature difference between 11:00 
and 14:30 increases from 10ºC in vertical position to 
around 20ºC in tilted position, and as a result the heat 
transfer rate rises from an average of 150W to almost 
300W. 

The maximum output temperature of the air 
increases as well from about 32ºC to slightly more 
than 40ºC, with a starting temperature of about 20ºC 
in both situations. Looking at the solar irradiance 
profiles, it appears how the better tilting affects the 
radiation captured, so that the tilted south-facing 
configuration has the same shape of the vertical 
south-facing one, but it is shifted up towards higher 
irradiance values. At 10:00, for example, the normal 
irradiance is about 100 W/m2 in the vertical case, and 
around 250 W/m2 in the tilted case, and at noon is 
about 200 and 500 W/m2, respectively, so a tilting of 
20ºC increases the incident radiation by a factor of 
about 2.5.  

In the ideal scenario of a window always oriented 
in the direction of the sun, in what has been called a 
tracking mode, the radiation capture is further 
increased in morning and afternoon hours, where the 
elevation angle of the sun is lower, causing a bigger 
portion of the radiation normal component to reach 
the window surface. In a similar way, the 
performances of the tracking configurations with 
respect to the relative fixed south-facing counterparts 
are very close in the middle of the day, and much 
higher in earlier and later hours. As a comparison, the 
output temperature in tilted tracking mode maintains 
close to the tilted south-facing configuration (around 
40ºC), and increases up to 45ºC in the afternoon. The 
∆T and the heat transfer rate are instead slightly 
below in the central hours with respect to the fixed 
tilting case, even though this might be due to a 
different ambient temperature, as well as to a 
different wind speed, which affected both the cooling 
rate of the window and the top vent airflow 
measurements (resulting in an oscillating thermal 
power output). 

4.2. Fall testing 

Other measurements were taken in November and 
both the thermal and the electrical performances have 
been tested. Two sets of measurements were taken: 
the first set of data has been taken with the window 
tracking the sun during the day, and the second with 
the window in fixed south-facing position. In both 
cases, the window was maintained vertical at an 
angle of 90º (with respect to the ground) for the 
whole day, and only during PV power measurements 
the tilt angles of both the window and the PV 
modules were changed, so as to have 4 different 
tilting conditions for each time data point and 
compare the different outputs that the array was able 
to produce at the same moment. By defining β1 as the 
angle between the window’s and the ground, and α1 

as the angle between the normal to the PV modules 
and the window’s normal, each PV measurement has 
been done by changing the tilting conditions 
sequentially as follows: 
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Fig 5: Solar radiation on window plane, output temperature, temperature 
rise and heat transfer rate under different testing conditions. 

Fig 34: Normal irradiance (top) and output temperature (bottom) for summer measurements. 
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The average temperature difference between 11:00 
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around 20ºC in tilted position, and as a result the heat 
transfer rate rises from an average of 150W to almost 
300W. 

The maximum output temperature of the air 
increases as well from about 32ºC to slightly more 
than 40ºC, with a starting temperature of about 20ºC 
in both situations. Looking at the solar irradiance 
profiles, it appears how the better tilting affects the 
radiation captured, so that the tilted south-facing 
configuration has the same shape of the vertical 
south-facing one, but it is shifted up towards higher 
irradiance values. At 10:00, for example, the normal 
irradiance is about 100 W/m2 in the vertical case, and 
around 250 W/m2 in the tilted case, and at noon is 
about 200 and 500 W/m2, respectively, so a tilting of 
20ºC increases the incident radiation by a factor of 
about 2.5.  
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in the direction of the sun, in what has been called a 
tracking mode, the radiation capture is further 
increased in morning and afternoon hours, where the 
elevation angle of the sun is lower, causing a bigger 
portion of the radiation normal component to reach 
the window surface. In a similar way, the 
performances of the tracking configurations with 
respect to the relative fixed south-facing counterparts 
are very close in the middle of the day, and much 
higher in earlier and later hours. As a comparison, the 
output temperature in tilted tracking mode maintains 
close to the tilted south-facing configuration (around 
40ºC), and increases up to 45ºC in the afternoon. The 
∆T and the heat transfer rate are instead slightly 
below in the central hours with respect to the fixed 
tilting case, even though this might be due to a 
different ambient temperature, as well as to a 
different wind speed, which affected both the cooling 
rate of the window and the top vent airflow 
measurements (resulting in an oscillating thermal 
power output). 

4.2. Fall testing 

Other measurements were taken in November and 
both the thermal and the electrical performances have 
been tested. Two sets of measurements were taken: 
the first set of data has been taken with the window 
tracking the sun during the day, and the second with 
the window in fixed south-facing position. In both 
cases, the window was maintained vertical at an 
angle of 90º (with respect to the ground) for the 
whole day, and only during PV power measurements 
the tilt angles of both the window and the PV 
modules were changed, so as to have 4 different 
tilting conditions for each time data point and 
compare the different outputs that the array was able 
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angle between the window’s and the ground, and α1 
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been done by changing the tilting conditions 
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Fig 5: Solar radiation on window plane, output temperature, temperature 
rise and heat transfer rate under different testing conditions. 
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It can be noticed that by keeping the window oriented south, a tilt angle of 20° almost 

doubles the performances, with respect to the vertical position situation. The average 

temperature difference between 11:00 and 14:30 increases from 10 °C in vertical po-

sition to around 20 °C in tilted position, and as a result the heat transfer rate rises 

from an average of 150 W to almost 300 W. The maximum output temperature of the 
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The average temperature difference between 11:00 
and 14:30 increases from 10ºC in vertical position to 
around 20ºC in tilted position, and as a result the heat 
transfer rate rises from an average of 150W to almost 
300W. 

The maximum output temperature of the air 
increases as well from about 32ºC to slightly more 
than 40ºC, with a starting temperature of about 20ºC 
in both situations. Looking at the solar irradiance 
profiles, it appears how the better tilting affects the 
radiation captured, so that the tilted south-facing 
configuration has the same shape of the vertical 
south-facing one, but it is shifted up towards higher 
irradiance values. At 10:00, for example, the normal 
irradiance is about 100 W/m2 in the vertical case, and 
around 250 W/m2 in the tilted case, and at noon is 
about 200 and 500 W/m2, respectively, so a tilting of 
20ºC increases the incident radiation by a factor of 
about 2.5.  

In the ideal scenario of a window always oriented 
in the direction of the sun, in what has been called a 
tracking mode, the radiation capture is further 
increased in morning and afternoon hours, where the 
elevation angle of the sun is lower, causing a bigger 
portion of the radiation normal component to reach 
the window surface. In a similar way, the 
performances of the tracking configurations with 
respect to the relative fixed south-facing counterparts 
are very close in the middle of the day, and much 
higher in earlier and later hours. As a comparison, the 
output temperature in tilted tracking mode maintains 
close to the tilted south-facing configuration (around 
40ºC), and increases up to 45ºC in the afternoon. The 
∆T and the heat transfer rate are instead slightly 
below in the central hours with respect to the fixed 
tilting case, even though this might be due to a 
different ambient temperature, as well as to a 
different wind speed, which affected both the cooling 
rate of the window and the top vent airflow 
measurements (resulting in an oscillating thermal 
power output). 

4.2. Fall testing 

Other measurements were taken in November and 
both the thermal and the electrical performances have 
been tested. Two sets of measurements were taken: 
the first set of data has been taken with the window 
tracking the sun during the day, and the second with 
the window in fixed south-facing position. In both 
cases, the window was maintained vertical at an 
angle of 90º (with respect to the ground) for the 
whole day, and only during PV power measurements 
the tilt angles of both the window and the PV 
modules were changed, so as to have 4 different 
tilting conditions for each time data point and 
compare the different outputs that the array was able 
to produce at the same moment. By defining β1 as the 
angle between the window’s and the ground, and α1 

as the angle between the normal to the PV modules 
and the window’s normal, each PV measurement has 
been done by changing the tilting conditions 
sequentially as follows: 

 
• β1 = 0°, α1 = 0° 
• β1 = 0°, α1 = 20° 
• β1 = 20°, α1 = 0° 
• β1 = 20°, α1 = 20° 

0.00 
2.50 
5.00 
7.50 

10.00 
12.50 
15.00 
17.50 
20.00 
22.50 
25.00 

10
:00

 

10
:30

 

11
:00

 

11
:30

 

12
:00

 

13
:00

 

13
:30

 

14
:00

 

14
:30

 

15
:00

 

15
:30

 

ΔT
 (°

C
)  

Time 

Tilted south Tilted Tracking Vertical south Vertical Tracking 

20#

25#

30#

35#

40#

45#

10
:00
#

10
:30
#

11
:00
#

11
:30
#

12
:00
#

13
:00
#

13
:30
#

14
:00
#

14
:30
#

15
:00
#

15
:30
#

T
_o

ut
 °

C
   

Time 

Tilted#Tracking# Ver6cal#south# Ver6cal#Tracking# Tilted#south#

0.0 
2.5 
5.0 
7.5 

10.0 
12.5 
15.0 
17.5 
20.0 
22.5 
25.0 

10
:00

 

10
:30

 

11
:00

 

11
:30

 

12
:00

 

13
:00

 

13
:30

 

14
:00

 

14
:30

 

15
:00

 

15
:30

 

Δ
T

 (
°C

) 
 

Time 

Tilted south Tilted Tracking Vertical south Vertical Tracking 

Fig 5: Solar radiation on window plane, output temperature, temperature 
rise and heat transfer rate under different testing conditions. 

Fig 35: Temperature rise (top) and heat transfer rate (bottom). 
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air increases as well from about 32 °C to slightly more than 40 °C, with a starting 

temperature of about 20 °C in both situations. 

Looking at the solar irradiance profiles, it appears that the better tilting affects the ra-

diation captured, so that the tilted south-facing configuration has the same shape of 

the vertical south-facing one, but it is shifted up towards higher irradiance values. At 

10:00, for example, the normal irradiance is about 100 W/m2 in the vertical case, and 

around 250 W/m2 in the tilted case, and at noon is about 200 and 500 W/m2, respec-

tively. Therefore, a tilting of 20° increases the incident radiation by a factor of about 

2.5. 

In the ideal scenario of a window always oriented in the direction of the sun, in what 

has been called a tracking mode, the radiation capture is further increased in morning 

and afternoon hours, where the elevation angle of the sun is lower, causing a bigger 

portion of the radiation normal component to reach the window surface. In a similar 

way, the performances of the tracking configurations with respect to the relative fixed 

south-facing counterparts are very close in the middle of the day, and much higher in 

earlier and later hours. As a comparison, the output temperature in tilted tracking 

mode maintains close to the tilted south-facing configuration (around 40 °C), and in-

creases up to 45 °C in the afternoon. The ∆T and the heat transfer rate are instead 

slightly below in the central hours with respect to the fixed tilting case, even though 

this might be due to a different ambient temperature, as well as to a different wind 

speed, which affected both the cooling rate of the window and the top vent airflow 

measurements (resulting in an oscillating thermal power output). 
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4.2 Fall Measurements 

Other measurements were taken in November and both the thermal and the electrical 

performances have been tested. Two sets of measurements were taken: the first set of 

data has been taken with the window tracking the sun during the day, and the second 

with the window in fixed south-facing position. 

In both cases, the window was maintained vertical at an angle of 90° (with respect to 

the ground) for the whole day, and only during PV power measurements the tilt an-

gles of both the window and the PV modules were changed, so as to have 4 different 

tilting conditions for each time data point and compare the different outputs that the 

array was able to produce at the same moment. By defining β1 as the angle between 

the normal to the window and the ground, and α1 as the angle between the normal to 

the PV modules and the window’s normal (Fig 36), each PV measurement has been 

done by changing the tilting conditions sequentially as follows: 

•  β1 = 0°, α1 = 0°; 

•  β1 = 0°, α1 = 20°; 

•  β1 = 20°, α1 = 0°; 

•  β1 = 20°, α1 = 20°. 

The results for the thermal measurements are shown in Fig 37. Because of the lower 

elevation angle of the sun with respect to the summer testing, which resulted in a 

smaller radiation component reaching the collector horizontally, in fall the thermal 

performances in vertical position are better than the ones obtained with a 20° tilting in  



 

 53 

  

 

β1 = 20° 

α1 = 20° 

β
1
 = 0°, α

1
 = 0°	
   β

1
 = 0°, α

1
 = 20°	
   β

1
 = 20°, α

1
 = 0°	
   β

1
 = 20°, α

1
 = 20°	
   

 
 

 
 

 
 

 
 

 

 

  Energy and Buildings X 6 

of 29.5 W. The other configurations are instead very 
close, with average powers between 24.5 and 25.5 W 
and a peak of 34-35 W.  

In tracking mode it is the most tilted configuration 
(β1 = 20°, α1 = 20°) that is less performing with 
respect to the others, with a peak of 36 W and an 
average of 29.7 W. This is due to the fact that the PV 
modules received less radiation in early morning and 
late afternoon hours, because of the high tilting (40° 
in total) and low sun elevation. Previous 
configurations have instead very close behavior, with 
averages of 31.5-32 W and peaks of 37-37.5 W. 

The high temperature levels to which the PV 
modules are subjected, ranging from 55 to 70°C, 
cause a drop in electrical performance, especially in 
the afternoon when the temperatures are higher. 
Considering the south-facing situation with β1 = 0°, 
α1 = 0° as an example, the peak in power is 29.5 W 
at 11:30, when the modules average temperature is 
65°C. The measured irradiance normal to the array 
plane at that time is 820 W/m2, which results in a 
total input power on the whole array of 387.45 W. 

The actual operating efficiency is then calculated 
by the ratio of power generated to the input power, 
which is equal to (29.5 / 387.45) x 100 = 7.6%, so 
that the efficiency drops about 0.125%/°C, with 
respect to a rated module efficiency of 12.5%. This 
result takes into account both the efficiency losses 
due to the temperature effect and the transmission 
losses of the radiation through the glass, which 
causes the incident radiation to be reduced by a factor 
of 93.8%. 

4.3. Winter testing 

Other measurements were taken in February on 
both the thermal and the electrical system, and the 
impact of the airflow on the overall performances has 
been examined. The window has been tested in 
vertical south-facing position, with the PV array at 
90º-tilt angle, relative to the ground, as well.  

The voltage of the fans has been tuned so as to 
obtain 4 different voltage levels. These are 6V, 7.5V, 
9V and 12V, and the corresponding average air 
speeds measured at the output vent are, respectively, 
0.5 m/s, 0.58 m/s, 0.64 m/s and 0.8 m/s. Therefore, 
the air velocity increases linearly with the voltage. 

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. 
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Fig 6: Performance testing in fall: temperature, thermal power output and temperature difference for the south-facing (top left) and tracking 
(top right) conditions; PV array power output and temperature in different tilting conditions, for the south-facing (bottom left) and tracking 
(bottom right) cases. 
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of 29.5 W. The other configurations are instead very 
close, with average powers between 24.5 and 25.5 W 
and a peak of 34-35 W.  

In tracking mode it is the most tilted configuration 
(β1 = 20°, α1 = 20°) that is less performing with 
respect to the others, with a peak of 36 W and an 
average of 29.7 W. This is due to the fact that the PV 
modules received less radiation in early morning and 
late afternoon hours, because of the high tilting (40° 
in total) and low sun elevation. Previous 
configurations have instead very close behavior, with 
averages of 31.5-32 W and peaks of 37-37.5 W. 

The high temperature levels to which the PV 
modules are subjected, ranging from 55 to 70°C, 
cause a drop in electrical performance, especially in 
the afternoon when the temperatures are higher. 
Considering the south-facing situation with β1 = 0°, 
α1 = 0° as an example, the peak in power is 29.5 W 
at 11:30, when the modules average temperature is 
65°C. The measured irradiance normal to the array 
plane at that time is 820 W/m2, which results in a 
total input power on the whole array of 387.45 W. 

The actual operating efficiency is then calculated 
by the ratio of power generated to the input power, 
which is equal to (29.5 / 387.45) x 100 = 7.6%, so 
that the efficiency drops about 0.125%/°C, with 
respect to a rated module efficiency of 12.5%. This 
result takes into account both the efficiency losses 
due to the temperature effect and the transmission 
losses of the radiation through the glass, which 
causes the incident radiation to be reduced by a factor 
of 93.8%. 

4.3. Winter testing 

Other measurements were taken in February on 
both the thermal and the electrical system, and the 
impact of the airflow on the overall performances has 
been examined. The window has been tested in 
vertical south-facing position, with the PV array at 
90º-tilt angle, relative to the ground, as well.  

The voltage of the fans has been tuned so as to 
obtain 4 different voltage levels. These are 6V, 7.5V, 
9V and 12V, and the corresponding average air 
speeds measured at the output vent are, respectively, 
0.5 m/s, 0.58 m/s, 0.64 m/s and 0.8 m/s. Therefore, 
the air velocity increases linearly with the voltage. 

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. 
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Fig 6: Performance testing in fall: temperature, thermal power output and temperature difference for the south-facing (top left) and tracking 
(top right) conditions; PV array power output and temperature in different tilting conditions, for the south-facing (bottom left) and tracking 
(bottom right) cases. 
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of 29.5 W. The other configurations are instead very 
close, with average powers between 24.5 and 25.5 W 
and a peak of 34-35 W.  

In tracking mode it is the most tilted configuration 
(β1 = 20°, α1 = 20°) that is less performing with 
respect to the others, with a peak of 36 W and an 
average of 29.7 W. This is due to the fact that the PV 
modules received less radiation in early morning and 
late afternoon hours, because of the high tilting (40° 
in total) and low sun elevation. Previous 
configurations have instead very close behavior, with 
averages of 31.5-32 W and peaks of 37-37.5 W. 

The high temperature levels to which the PV 
modules are subjected, ranging from 55 to 70°C, 
cause a drop in electrical performance, especially in 
the afternoon when the temperatures are higher. 
Considering the south-facing situation with β1 = 0°, 
α1 = 0° as an example, the peak in power is 29.5 W 
at 11:30, when the modules average temperature is 
65°C. The measured irradiance normal to the array 
plane at that time is 820 W/m2, which results in a 
total input power on the whole array of 387.45 W. 

The actual operating efficiency is then calculated 
by the ratio of power generated to the input power, 
which is equal to (29.5 / 387.45) x 100 = 7.6%, so 
that the efficiency drops about 0.125%/°C, with 
respect to a rated module efficiency of 12.5%. This 
result takes into account both the efficiency losses 
due to the temperature effect and the transmission 
losses of the radiation through the glass, which 
causes the incident radiation to be reduced by a factor 
of 93.8%. 

4.3. Winter testing 

Other measurements were taken in February on 
both the thermal and the electrical system, and the 
impact of the airflow on the overall performances has 
been examined. The window has been tested in 
vertical south-facing position, with the PV array at 
90º-tilt angle, relative to the ground, as well.  

The voltage of the fans has been tuned so as to 
obtain 4 different voltage levels. These are 6V, 7.5V, 
9V and 12V, and the corresponding average air 
speeds measured at the output vent are, respectively, 
0.5 m/s, 0.58 m/s, 0.64 m/s and 0.8 m/s. Therefore, 
the air velocity increases linearly with the voltage. 

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. 
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Fig 6: Performance testing in fall: temperature, thermal power output and temperature difference for the south-facing (top left) and tracking 
(top right) conditions; PV array power output and temperature in different tilting conditions, for the south-facing (bottom left) and tracking 
(bottom right) cases. 

Fig 36: Schematics of the 4 different tilting conditions. 

Fig 37: Performance testing in fall: temperature, thermal power output and temperature differ-
ence for the south-facing (top) and tracking (bottom) conditions. 
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July, with an average ∆T of about 22 °C in both tracking and south-facing positions, 

and an average heat transfer rate of 400-450 W. The air at the outlet reached 50 °C in 

both cases, with an average of around 43-44 °C. 

The testing on the photovoltaic system (Fig 38) shows minimal differences in the 

power output. In the south-facing scenario the worst configuration is represented by 

the window vertical with the PV array parallel to the window’s plane (β1 = 0°, α1 = 

0°), which gives an average power of 23 W, with a peak of 29.5 W. The other config-

urations are instead very close, with average powers between 24.5 and 25.5 W and a 

peak of 34-35 W. 

In tracking mode it is the most tilted configuration (β1 = 20°, α1 = 20°) whose per-

formance is the poorest with respect to the others, with a peak of 36 W and an aver-

age of 29.7 W. This is due to the fact that the PV modules received less radiation in 

early morning and late afternoon hours, because of the high tilting (40° in total) and 

low elevation of the sun. Previous configurations have instead a very similar behav-

ior, with averages of 31.5-32 W and peaks of 37-37.5 W. 

The high temperature levels, to which the PV modules are subjected, ranging from 55 

to 70 °C, is one of the main causes of electrical efficiency losses. Considering the 

south-facing situation with β1 = 0°, α1 = 0° as an example, the peak in power is     

29.5 W at 11:30, when the modules average temperature is 65 °C. The measured irra-

diance normal to the array plane at that time is 820 W/m2, which results in a total in-

put power on the whole array of 387.45 W. The actual operating efficiency can then 

be calculated by the ratio of power generated to the input power, which is equal to 



 

 55 

(29.5 / 387.45) x 100 = 7.6%, a result that includes optical losses through the glass, 

thermal losses due to the high operating modules temperatures, as well as system 

losses such as mismatch losses between the 60 PV modules, transmission losses 

through the conductors, and electronic converter losses (MPPT). 

 

  Energy and Buildings X 6 

of 29.5 W. The other configurations are instead very 
close, with average powers between 24.5 and 25.5 W 
and a peak of 34-35 W.  

In tracking mode it is the most tilted configuration 
(β1 = 20°, α1 = 20°) that is less performing with 
respect to the others, with a peak of 36 W and an 
average of 29.7 W. This is due to the fact that the PV 
modules received less radiation in early morning and 
late afternoon hours, because of the high tilting (40° 
in total) and low sun elevation. Previous 
configurations have instead very close behavior, with 
averages of 31.5-32 W and peaks of 37-37.5 W. 

The high temperature levels to which the PV 
modules are subjected, ranging from 55 to 70°C, 
cause a drop in electrical performance, especially in 
the afternoon when the temperatures are higher. 
Considering the south-facing situation with β1 = 0°, 
α1 = 0° as an example, the peak in power is 29.5 W 
at 11:30, when the modules average temperature is 
65°C. The measured irradiance normal to the array 
plane at that time is 820 W/m2, which results in a 
total input power on the whole array of 387.45 W. 

The actual operating efficiency is then calculated 
by the ratio of power generated to the input power, 
which is equal to (29.5 / 387.45) x 100 = 7.6%, so 
that the efficiency drops about 0.125%/°C, with 
respect to a rated module efficiency of 12.5%. This 
result takes into account both the efficiency losses 
due to the temperature effect and the transmission 
losses of the radiation through the glass, which 
causes the incident radiation to be reduced by a factor 
of 93.8%. 

4.3. Winter testing 

Other measurements were taken in February on 
both the thermal and the electrical system, and the 
impact of the airflow on the overall performances has 
been examined. The window has been tested in 
vertical south-facing position, with the PV array at 
90º-tilt angle, relative to the ground, as well.  

The voltage of the fans has been tuned so as to 
obtain 4 different voltage levels. These are 6V, 7.5V, 
9V and 12V, and the corresponding average air 
speeds measured at the output vent are, respectively, 
0.5 m/s, 0.58 m/s, 0.64 m/s and 0.8 m/s. Therefore, 
the air velocity increases linearly with the voltage. 

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. 
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Fig 6: Performance testing in fall: temperature, thermal power output and temperature difference for the south-facing (top left) and tracking 
(top right) conditions; PV array power output and temperature in different tilting conditions, for the south-facing (bottom left) and tracking 
(bottom right) cases. 
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of 29.5 W. The other configurations are instead very 
close, with average powers between 24.5 and 25.5 W 
and a peak of 34-35 W.  

In tracking mode it is the most tilted configuration 
(β1 = 20°, α1 = 20°) that is less performing with 
respect to the others, with a peak of 36 W and an 
average of 29.7 W. This is due to the fact that the PV 
modules received less radiation in early morning and 
late afternoon hours, because of the high tilting (40° 
in total) and low sun elevation. Previous 
configurations have instead very close behavior, with 
averages of 31.5-32 W and peaks of 37-37.5 W. 

The high temperature levels to which the PV 
modules are subjected, ranging from 55 to 70°C, 
cause a drop in electrical performance, especially in 
the afternoon when the temperatures are higher. 
Considering the south-facing situation with β1 = 0°, 
α1 = 0° as an example, the peak in power is 29.5 W 
at 11:30, when the modules average temperature is 
65°C. The measured irradiance normal to the array 
plane at that time is 820 W/m2, which results in a 
total input power on the whole array of 387.45 W. 

The actual operating efficiency is then calculated 
by the ratio of power generated to the input power, 
which is equal to (29.5 / 387.45) x 100 = 7.6%, so 
that the efficiency drops about 0.125%/°C, with 
respect to a rated module efficiency of 12.5%. This 
result takes into account both the efficiency losses 
due to the temperature effect and the transmission 
losses of the radiation through the glass, which 
causes the incident radiation to be reduced by a factor 
of 93.8%. 

4.3. Winter testing 

Other measurements were taken in February on 
both the thermal and the electrical system, and the 
impact of the airflow on the overall performances has 
been examined. The window has been tested in 
vertical south-facing position, with the PV array at 
90º-tilt angle, relative to the ground, as well.  

The voltage of the fans has been tuned so as to 
obtain 4 different voltage levels. These are 6V, 7.5V, 
9V and 12V, and the corresponding average air 
speeds measured at the output vent are, respectively, 
0.5 m/s, 0.58 m/s, 0.64 m/s and 0.8 m/s. Therefore, 
the air velocity increases linearly with the voltage. 

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. 
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of 29.5 W. The other configurations are instead very 
close, with average powers between 24.5 and 25.5 W 
and a peak of 34-35 W.  

In tracking mode it is the most tilted configuration 
(β1 = 20°, α1 = 20°) that is less performing with 
respect to the others, with a peak of 36 W and an 
average of 29.7 W. This is due to the fact that the PV 
modules received less radiation in early morning and 
late afternoon hours, because of the high tilting (40° 
in total) and low sun elevation. Previous 
configurations have instead very close behavior, with 
averages of 31.5-32 W and peaks of 37-37.5 W. 

The high temperature levels to which the PV 
modules are subjected, ranging from 55 to 70°C, 
cause a drop in electrical performance, especially in 
the afternoon when the temperatures are higher. 
Considering the south-facing situation with β1 = 0°, 
α1 = 0° as an example, the peak in power is 29.5 W 
at 11:30, when the modules average temperature is 
65°C. The measured irradiance normal to the array 
plane at that time is 820 W/m2, which results in a 
total input power on the whole array of 387.45 W. 

The actual operating efficiency is then calculated 
by the ratio of power generated to the input power, 
which is equal to (29.5 / 387.45) x 100 = 7.6%, so 
that the efficiency drops about 0.125%/°C, with 
respect to a rated module efficiency of 12.5%. This 
result takes into account both the efficiency losses 
due to the temperature effect and the transmission 
losses of the radiation through the glass, which 
causes the incident radiation to be reduced by a factor 
of 93.8%. 

4.3. Winter testing 

Other measurements were taken in February on 
both the thermal and the electrical system, and the 
impact of the airflow on the overall performances has 
been examined. The window has been tested in 
vertical south-facing position, with the PV array at 
90º-tilt angle, relative to the ground, as well.  

The voltage of the fans has been tuned so as to 
obtain 4 different voltage levels. These are 6V, 7.5V, 
9V and 12V, and the corresponding average air 
speeds measured at the output vent are, respectively, 
0.5 m/s, 0.58 m/s, 0.64 m/s and 0.8 m/s. Therefore, 
the air velocity increases linearly with the voltage. 

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. 
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Fig 38: PV array power output and temperature in different tilting conditions, for the south-
facing (top) and tracking (bottom) cases.   
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4.3 Winter Measurements 

Other measurements were taken in February on both the thermal and the electrical 

system, and the impact of the airflow on the overall performances has been examined. 

The window was tested in vertical south-facing position, with the PV array at 90°- tilt 

angle, relative to the ground. 

The voltage of the fans was tuned to obtain four different voltage levels. These are    

6 V, 7.5 V, 9 V and 12 V, and the corresponding average air speeds measured at the 

output vent are, respectively, 0.5 m/s, 0.58 m/s, 0.64 m/s and 0.8 m/s, showing a line-

ar increase of the air velocity with the voltage (Fig 39). 

The results for the four configurations are shown in Fig 40, 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 5. It can be noticed that lower air speed values result in higher tem-

perature rises, which are close to 26°C for the 6 and 7.5 V cases, but also in lower 
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thermal outputs, equal to 340 and 413 W, respectively. This is due to a lower convec-

tive 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 temperatures. 

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 535 W. 

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 (19.5 W) at the rated voltage of 12 V and is less than half of this value 

for lower voltages. 

Therefore, if thermal energy at lower temperature can be used, a higher mass flow 

rate is recommended, as it would improve the heat generated and the system thermal 

efficiency, even though the increased electrical demand for ventilation should be con-

sidered as well. For applications with a higher temperature requirement, such as space 

heating, a lower mass flow rate can be used, so that an air velocity of 0.58 m/s repre-

sents the optimal configuration, as it provides the highest temperature rise, and a rela- 

Table 5: Average parameters under different voltage configurations: Air speed, temperature 
difference, electrical and thermal powers, input and output temperatures and power consumed 
by the fans. 

Fans 
voltage 
(V) 

Air speed 
(m/s) 

ΔT (°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 
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tively 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. 

The thermal and electrical efficiency of the window under the different airflow condi-

tions are reported in Fig 41. As the airflow rate increases, the thermal efficiency in-

creases as well, since a greater volume is in contact with the PV array, therefore en-

hancing the heat transfer coefficient between the modules and the air, which results in 

more heat generated for the same incident solar radiation. A smaller temperature dif-

ference 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 low-

er airflows the higher temperatures produce higher convective and radiative losses to 

the environment. 

The values of thermal efficiency ranges between 23 - 31 % for 6 V, 26 - 35 % for 7.5 

V, 26 - 33 % for 9 V and 40 - 44 % for 12 V, with average values of 27 %, 31 %, 30 

% and 42 %, respectively. The optimal airflow for the temperature rise then results in 

a thermal efficiency in the 31% range, while if efficiency and heat absorbed are re-

quired to be maximized, higher airflows hold better results, with an efficiency of 

42%. The electrical efficiency is instead very close in both situations, and ranges be-

tween 6 and 7%, with a flatter profile for the 12V case, due to the lower temperature 

and higher cooling action on the PV modules by the air. 
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applied coatings that would improve thermal 
performances, a 2D model has been developed in 
COMSOL Multiphysics 5.2 software [12]. 

A simplified cross sectional geometry has been 
built, which does not include the heat exchanger, the 
fans and the solar array rods.  

Other assumptions include the modeling of the PV 
modules as a single domain made of silicon and 
simplifications for the airflow path such as the 
replacements of holes with open passages and the 
repositioning of the vents to allow a vertical flow. 

The model accounts for the solar radiation 
incident on the window, the conduction within the 
solids parts, the radiation exchange between surfaces, 
the convective cooling by the outside environment 
and the convection that takes place inside the 
window, between the solid objects and the airflow. 

The sun is modeled as an infinite distance source 
emitting radiation as a blackbody at 5780 K, and the 
radiation direction has been set up according to the 
sun position for the day of Feb. 24 2015, which has 
been taken as a reference for this study. The incident 
irradiance has been calculated to be 1140 W/m2, 
which is the observed value at 11:00, and in order to 
account for the transmission losses through the glass, 
the measured transmission coefficient of 0.937 has 
been applied.  

The radiation has been divided into 3 spectral 
bands: the first includes the UV and visible spectrum 
of wavelengths until 780nm, the second comprehends 
the solar near infrared (NIR) from 780nm to 2.5µm, 
and the third covers the long-wave infrared portion 
for wavelengths greater than 2.5µm. This enables to 
specify the opacity of materials for each individual 
spectral band, so that glass can be considered to be 
transparent to the visible and NIR bands, but opaque 
to the infrared portion, as well as transparent to the 
first band alone, allowing us to simulate the use of 
NIR selective glasses.  

The main limitation of the software is that 
domains are either considered to be fully opaque or 
fully transparent to a specific spectral band, so the 
results differ somewhat from the real situation, but 
they rather serve as a relative comparison between 
the different configurations in order to guide the 
design of the next generation prototype.  

The model solves the conjugate heat transfer 
problem where both conduction in solids and 
convection in fluids are involved, in addition to 
surface-to-surface radiation, and couples the heat 
equations with the Navier-Stokes and continuity 
equations for the fluid flow. 

The boundary conditions are based on the 
experimental data: the input air temperature was set 
to 21°C at the inlet, and a pressure equal to the 
atmospheric one was applied to the same boundary, 
while at the outlet the output velocity was set at a 
value so as to have the same measured mass flow 
rate.  

The data for a fan voltage of 7.5V, corresponding 
to an output air speed of 0.58 m/s and mass flow rate 
of 0.01615 kg/m3, were taken as a reference for the 
simulations.  

A convective heat flux boundary condition was 
applied to all exterior surfaces in order to account for 
convective cooling by the wind, and the heat transfer 
coefficient for exterior forced convection is 
calculated during the computation from the external 
ambient temperature, set to 20°C, and the wind 
speed. A value of 4 m/s was used for the latter, which 
is the average speed reported by meteorological data 
between 10:00 and 14:00 for that particular day and 
location [13].  

Diffuse surface boundary conditions have been 
applied to all boundaries participating in radiation 
heat transfer. 
The emissivity of the different materials are reported 
in Table 2, along with the other material properties 
used (except for the air properties that depend on the 
temperature), while those for the glass surfaces vary 
depending on the type of simulation and the value of 
0.84 refers to the emissivity in the infrared spectrum 
of uncoated glass. 

Initial conditions are set to 20°C for the 
temperature, a zero pressure with respect to the 
atmospheric pressure and 0.2 m/s along the y 
direction for the air speed.  

The first model was aimed to reproduce the 
experimental situation, so no glass coatings were 
applied, and an emissivity of 0.84 was used for all the 
4 glass surfaces of the 2 panels, which are opaque to 
the infrared radiation and transparent to visible and 
NIR. 
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Fig 8: Thermal (left) and electrical (right) efficiency. Fig 41: Thermal (top) and electrical (bottom) efficiency.  
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4.4 Comparison For The Vertical South-Facing Case 

Sections 4.1-4.3 reported the several types of measurements that have been per-

formed, which included the study of the prototype’s behavior under different tilting 

conditions, at both fixed and tracking orientations, and under different airflow veloci-

ties. Since for the majority of residential and commercial buildings the façade are 

constructed vertically, the testing of the prototype in vertical position and at a fixed 

orientation represents the most suited configuration for common applications. In this 

section, a side-by-side comparison between the different seasons is provided for the 

vertical south-facing scenario. The results are given for the days of July 10th, Novem-

ber 25th and February 24th. 

4.4.1 Thermal Results 

In Fig 42 the hourly change of global solar irradiance on the window surface, average 

air temperature output, air temperature rise between the output and input vents and 

heat transfer rate are shown. As it can be seen in the figure, the solar irradiance for 

July 10th ranges from 90 W/m2 at 10:00 to 247.67 W/m2 at noon, and then drops in 

the afternoon to values ranging from 120-200 W/m2. The low solar input observed in 

the summer season is due to the high solar elevation, which was 75º at noon for July 

10th, which causes a smaller horizontal component reaching the collector vertical sur-

face. On November 25th, the solar altitude was instead 32.5º at noon, and much high-

er values were recorded: 650 W/m2 is the radiation at 10:00 and 860 W/m2 was the 

peak irradiance at noon, with an afternoon decrease from of 680 W/m2 at 14:00 to 
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Fig 42: Hourly data of the solar radiation, temperature output, temperature rise and generated 
heat for the days of July 10th, November 25th and February 24th. 
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490 W/m2 at 15:00. Very similar values were measured on February 24th, with a 

peak of 765 W/m2 at noon, corresponding to a solar elevation of around 44º, and val-

ues in the 500-700 W/m2 range from 13:30 to 15:00. 

It can be seen that the different solar inputs are reflected on the temperature and heat 

transfer rate profiles in the results. The output temperature reaches a maximum of 

33.3ºC at 11:30 on July 10th, with values ranging from 30 to 32ºC for most of the 

day, while the maxima are 50.5ºC for November 25th and 53.2ºC for February 24th, 

with average values from 11:00 to 15:00 of 46.7ºC and 48.4ºC, respectively. The av-

erage air temperature rise between 11:00 and 15:00 are 11.2ºC for the summer, 

25.4ºC for the fall and 26ºC for the winter results, with peaks of 13.3ºC, 28.6ºC and 

31.2ºC, respectively. The heat generated on July 10th is most of the time within a nar-

row range of 100-160 W, with a peak of 188W at noon, while the increased tempera-

ture rise in the fall and winter seasons makes these results more than double for No-

vember 25th and February 24th, with average values from 11:00 to 15:00 of 476.7W 

and 412.9W, respectively, and peaks of 553W and 492.6W, respectively. 

4.4.2 Electrical Results 

Fig 43 shows the profiles of the electrical power generated and the average tempera-

ture on the back of the modules for November 25th and February 24th. The results are 

given for a PV array tilting of 90° with respect to the ground, that is the normal to the 

window and the normal to the PV array are parallel. In fall the lower solar altitude 

and lower modules temperature provide a higher photovoltaic generation, with an av-

erage of 24.5W from 9:30 to 14:30 and a peak of 29.5W. PV temperatures ranges      
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from 50°C to 67°C, with an average of 64.5°C from 10:30 to 14:30. The electrical 

generation for 24.02.2015 is instead 22.8W on average from 11:00 to 14:15, with a 

peak of 24W at 11:45, and the average temperature in the same time range is 67.5°C, 

with a peak temperature of 70°C. 

4.4.3 Efficiency 

Fig 44 shows the thermal and electrical efficiency of the prototype for the different 

tested seasons. On July 10 the thermal efficiency remains very close to the 37-40% 

range, also due to lower operating temperatures that causes lower heat losses, while 
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Fig 43: Hourly variation of average modules temperature and PV power output for November 25 
(left) and February 24 (right). 
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greater differences occur in fall and winter, where values between 25% and 43% for 

November 25th and between 26% and 35% for February 24th are achieved. 

The minimum and maximum values for the electrical efficiency are 6.16% and 7.96% 

for November 25th and 6.2% and 7.4% for February 24th, respectively, while the av-

erages are 7.2% in fall and 6.7% in winter. 

In order to improve the efficiency and achieve higher temperatures, the features of the 

current prototype need to be optimized. This includes designing a better absorber, 

which means enhancing the radiation captured by the PV array and improving the 
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Fig 44: Thermal efficiency (left) and electrical efficiency (right) for the tested seasons. 
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heat transfer coefficient between the array and the air, in order to obtain higher heat 

collected by the airflow and lower PV temperatures, which is expected to increase 

both the thermal and electrical efficiency. The efficiency of the PV modules used has 

to be chosen according to the specific thermal and electrical requirements, since more 

efficient modules would convert a higher portion of radiation into electricity, but 

would also generate less heat and vice versa. The frame of the current design is made 

of aluminum, which is one of the main causes of heat losses, and therefore it requires 

further improvements with a better design and the use of different materials. Another 

component requiring optimization is the glazing system, which affects the solar radia-

tion transmitted to the inside as well as the convective and radiative heat losses from 

the interior to the outside environment. The installation of additional glass panels and 

the use of low-emissivity or spectrally selective coatings may contribute to the system 

performances. 
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Chapter 5 

Conclusions 

In this work, the thermal and electrical performances of a prototype of an airflow 

window have been investigated. The prototype is a newly developed variant of a 

BIPV/T air collector, consisting of double glazed air cavities with PV blinds mounted 

within the glass panels, and it is designed as a modular unit to be applied to residen-

tial and commercial windows, window walls or to the whole façade of the building. 

Air from either inside or outside is circulated through the unit, which converts solar 

radiation in both electricity and heat, the latter being transferred to the air and put into 

use. With this new concept of “solar window”, the glazed elements of the building’s 

envelope not only perform their architectural and structural functions, but they also 

act as energy collectors, actively participating in the energy generation system of the 

building.    

Electrical and thermal measurements were carried out under different testing condi-

tions during summer, fall and winter months. 

The lowest generation was obtained during the summer, due to the higher solar eleva-

tion angles that cause a smaller horizontal component of the radiation reaching the 

window surface. A vertical south-facing positioning of the unit resulted in an average 

temperature rise of only 10°C from bottom to top. Large improvements can be 

achieved by tracking the sun and tilting the window. However, tracking is not a prac-

tical solution for incorporating such collector into a building façade as it would be 

quite difficult to implement a tracking or tilting mechanism.  
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Conversely, the results for the winter testing showed much higher performances, due 

to smaller solar elevation angles, where the measured output temperature reached a 

maximum of 52.2°C under the optimal air speed of 0.58 m/s, with an average of 

48.4°C, corresponding to a temperature rise of around 26°C on average and 31°C 

maximum. 

The thermal efficiency ranges between 30 and 40%, while the electrical one remains 

quite constant at around 6-7%, with a generation of 20-25 W for the top PV array. 

The drop in electrical performance, with respect to a 12.5% rated efficiency of a sin-

gle module and a 60 W rated electrical power of the array, is mainly due to the high 

operating module temperatures, which reach 70°C. Higher electrical performances 

could be achieved through the use of more efficient PV modules, though the effect 

that an increased electrical generation would have on the thermal output should be 

further investigated. Another way to improve the modules efficiency would be to 

place them on the bottom part of the window, where the temperature levels are lower, 

and hence they would operate more efficiently. 
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