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Performance of semi-transparent 
photovoltaic systems integrated with 
buildings on exergy basis: A review. 

Neha Gupta* 
Abstract: In this communication, a review has been done to understand the performance of semi-transparent 
photovoltaic system integrated with roof top of a building based on exergy analysis. Analytical expressions for 
calculating the thermal exergy based on both low and high operating temperatures, total exergy, output and input 
exergy and exergy efficiency have been written. Based on which, graphical representations of a proposed roof top 
integrated with semi-transparent photovoltaic module of a room have been plotted. Impact of number of air changes 
has also been reviewed on exergy analysis of BiSPVT system. 

Index Terms: BiSPVT system, Exergy efficiency, Input exergy, Number of air changes, Output exergy. 
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1 INTRODUCTION 
As stated by second law of thermodynamics, 

we can neither create energy nor destroy it. The 
second law of thermodynamics functions for 
higher operating temperature range (≫ 400 ℃). 
This law gives rise to the concept of exergy. 
Exergy may be expressed as the maximum output 
work as it reached in equilibrium with its 
surroundings. The numeric value of exergy will 
be equal to zero for the system in equilibrium with 
its surroundings.  

 
The concept of exergy can be further explained 

by taking a simple example of a water fall. With 
fall of water from the height, potential energy is 
transformed into kinetic energy. Lastly, this 
kinetic energy is converted into thermal energy. 
The energy is conserved during this process since 
it is converted from one form to another. At the 
same time, no work is produced during the 
process, thus either energy is destroyed or lost. 
This lost energy is referred as exergy. 

 
The quality of energy is more significant than 

the quantity. Exergy has been explained as a 
qualitative aspect of energy by Saloux et al. [1]. 
Exergy study is a strong instrument to assess the 
system that involves several sources of energy. 
Both first and second law of thermodynamics are 
used to determine the exergy of a system and thus 
helps to classify the main source of exergy losses 
[2], [3], [4]. The exergy analysis helps us to 
identify the sources of irreversibility and 
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inefficiencies so that the losses can be reduced, 
ultimately maximum resource, efficiency and 
capital savings may be achieved. Thus, to achieve 
the same, a careful selection of technology, design 
optimization shall be done. 

 
Photovoltaic systems when integrated with the 

building as a part of the façade, roof top, or any 
other element of the structure is known as 
Building integrated Photovoltaic Thermal 
(BiPVT) systems [5], [6], [7]. When the module 
chosen for integration is semi-transparent, the 
system is referred to as Building integrated Semi-
transparent Photovoltaic (BiSPVT) system [8], [9], 
[10]. Various literatures are available to 
understand the performance of BiSPVT system on 
the basis of energy matrices [11], energy and 
exergy performances [12], [13], [14], [15]. It is 
important to analyze the said systems on the basis 
of exergy because different forms of energy are 
involved and to conclude the actual performance, 
exergy analysis acts as an important tool. 

  
As discussed, the energy output from solar 

technologies can be broadly classified into low-
grade and high-grade energy. 

 
• First law of thermodynamics gives the 

basis of low-grade energy. An example of the 
same is the thermal energy obtained from back 
side of the photovoltaic module or the thermal 
energy available to the room from floor. 

• Second law of thermodynamic gives the 
basis of high-grade energy which is referred as 
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exergy analysis. The electrical energy output of a 
PV system is an example for high grade energy.  

 
Application of both high-grade (electrical energy) 
and low-grade (thermal energy) can be seen in 
Photovoltaic Thermal (PVT) systems. To assess 
the overall potential of the proposed system, 
either electrical energy should be converted to 
low-grade energy [4] or thermal energy should be 
converted to high-grade energy with the help of 
Carnot’s efficiency concept. 
 

The source of thermal energy (low-grade 
energy) that is available to the room under 
consideration is from the back side of the SPV 
modules and the solar radiation absorbed from 
non-packing area of SPV modules by the floor to 
the room which is integrated with Semi-
transparent Photovoltaic (SPV) modules at roof 
top. Thus, it is important to convert this low-grade 
energy into thermal exergy to assess the overall 
exergy. (Refer Fig. 1) 

 
 

 

 

 

 

 

 

 

2 THERMAL MODELLING 
Exergy analysis for the proposed system 

integrated with semi-transparent photovoltaic 
modules are based on the following equations. 

 
The rate of thermal exergy can be determined 

as explained below [16], [17], [18], [19]: 
 
Case (i) For high operating temperature 

(second law of thermodynamics)  
 

• From floor to room 

Ė𝑥𝑥𝑡𝑡ℎ𝑓𝑓(𝑖𝑖) = 𝑄𝑄𝑓𝑓 �1 − 𝑇𝑇𝑎𝑎
𝑇𝑇𝑓𝑓
�,    (1a) 

where, 
 
 𝑄𝑄𝑓𝑓 = 𝐴𝐴𝑓𝑓ℎ𝑐𝑐�𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑟𝑟�  
 
      

• From rear side of SPV module to 
room: 

 
Ė𝑥𝑥𝑡𝑡ℎ𝑐𝑐(𝑖𝑖) = 𝑄𝑄𝑓𝑓 �1 − 𝑇𝑇𝑎𝑎

𝑇𝑇𝑐𝑐
�,   (1b) 

 
where, 
 

 𝑄𝑄𝑓𝑓 = 𝐴𝐴𝑅𝑅ℎ𝑐𝑐(𝑇𝑇𝑐𝑐 − 𝑇𝑇𝑟𝑟) 
 

• Total hourly thermal exergy is the 
sum of above thermal exergies and 
can be expressed as: 
 

• Ė𝑥𝑥𝑡𝑡ℎ(𝑖𝑖) = Ė𝑥𝑥𝑡𝑡ℎ𝑓𝑓(𝑖𝑖) + Ė𝑥𝑥𝑡𝑡ℎ𝑐𝑐(𝑖𝑖)  (1c) 
 

Case (ii) For low operating temperature (first 
law of thermodynamics), 

 
• From floor to room: 

 
Ė𝑥𝑥𝑡𝑡ℎ𝑓𝑓(𝑖𝑖𝑖𝑖) = 𝐴𝐴𝑓𝑓ℎ𝑐𝑐 ��𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑟𝑟� − (𝑇𝑇𝑎𝑎 + 273)𝑙𝑙𝑙𝑙 𝑇𝑇𝑓𝑓+273

𝑇𝑇𝑟𝑟+273
�

    (2a) 
 

• From rear side of SPV module to 
room: 

•  
Ė𝑥𝑥𝑡𝑡ℎ𝑐𝑐(𝑖𝑖𝑖𝑖) = 𝐴𝐴𝑅𝑅ℎ𝑐𝑐 �(𝑇𝑇𝑐𝑐 − 𝑇𝑇𝑟𝑟) − (𝑇𝑇𝑎𝑎 +

273)𝑙𝑙𝑙𝑙 𝑇𝑇𝑐𝑐+273
𝑇𝑇𝑟𝑟+273

�    (2b) 

 
• Total hourly thermal exergy is the 

sum of bove exergies and can be 
expressed as: 
 

Ė𝑥𝑥𝑡𝑡ℎ(𝑖𝑖𝑖𝑖) = Ė𝑥𝑥𝑡𝑡ℎ𝑓𝑓(𝑖𝑖𝑖𝑖) + Ė𝑥𝑥𝑡𝑡ℎ𝑐𝑐(𝑖𝑖𝑖𝑖)   (2c) 
 

2.1 Output exergy 

The output exergy can be calculated by 
summing up electrical power (�̇�𝐸𝑒𝑒) [20], thermal 
energy (either Eq. 1c or 2 c) and day light savings 
(�̇�𝐸𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠,𝑑𝑑𝑎𝑎𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑ℎ𝑡𝑡) [21] and is given by: 

 
Net output exergy = �̇�𝐸𝑒𝑒 + Ė𝑥𝑥𝑡𝑡ℎ(𝑖𝑖𝑖𝑖) +

�̇�𝐸𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠,𝑑𝑑𝑎𝑎𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑ℎ𝑡𝑡 
 
2.2 Input exergy 

Ta 

Solar radiation, I(t) 

Room, Tr 

Semi-transparent 
Photovoltaic panels 

Fig.1. Roof top of a room integrated with semi-
transparent photovoltaic modules. 
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The net input exergy can be defined as the 
exergy of solar radiation on SPV modules [22], 
[18]   

 

�̇�𝐸𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠 = {𝐴𝐴𝑚𝑚  𝐼𝐼(𝑡𝑡) } �1 − 4
3
�𝑇𝑇a
𝑇𝑇𝑠𝑠
� + 1

3
�𝑇𝑇a
𝑇𝑇𝑠𝑠
�
4
�

̇
  (3) 

where, the temperatures in Eq. 3 are in Kelvin. 
 

2.3 Exergy efficiency 
An overall exergy efficiency (𝜂𝜂𝑜𝑜,𝑒𝑒𝑒𝑒) and thermal 

exergy efficiency (𝜂𝜂𝑡𝑡ℎ,𝑒𝑒𝑒𝑒) and of BiSPVT can be 
calculated as follows: 

 
• An overall exergy efficiency is given 

by: 
 

𝜂𝜂𝑜𝑜,𝑒𝑒𝑒𝑒 = �̇�𝐸𝑒𝑒+Ė𝑒𝑒𝑡𝑡ℎ(𝑖𝑖𝑖𝑖)+�̇�𝐸𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠,𝑑𝑑𝑎𝑎𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑ℎ𝑡𝑡

�̇�𝐸𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠
  (4a) 

• Using Eqs. 2c and 3, thermal exergy 
efficiency is given by: 

𝜂𝜂𝑡𝑡ℎ,𝑒𝑒𝑒𝑒 = Ė𝑒𝑒𝑡𝑡ℎ(𝑖𝑖𝑖𝑖)

�̇�𝐸𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠
     (4b) 

Using above equations, design parameters 
[13], climatic conditions (Fig. 2) of a typical day of 
Varanasi, India for the month of January, Fig. 3. 
gives thermal exergy of the proposed room (of 
9.18 𝑚𝑚2, Fig. 1.) where Semi-transparent 
Photovoltaic (SPV) modules are integrated at the 
roof top for high and low operating temperatures 
with number of air changes, 𝑁𝑁1 = 2. Hourly 
variation of thermal exergy based on low 
operating temperature is plotted in Fig. 4 for 
different number of air changes. 

 

 

 

Fig. 3. Thermal exergy on high (Ė𝑥𝑥𝑡𝑡ℎ(𝑖𝑖)) and low operating 
temperature (Ė𝑥𝑥𝑡𝑡ℎ(𝑖𝑖𝑖𝑖)). 

Fig. 4. Thermal exergy (Ėxth(ii)) based on low operating 
temperature. 

Fig. 5 gives an overall hourly variation of 
exergy for different air changes. Due to 
dominance of electrical and day light savings, 
overall exergy achieved at noon hours for 𝑁𝑁1=4 is 
1281 Wh. No significant impact of air changes can 
be seen on total thermal exergy due to variation in 
number of air changes. With increase in the air 
changes from 0 to 4, about 1.15 % increase in 
overall daily exergy can be noticed. 

Fig. 5. Overall hourly exergy. 
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temperature.
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3 CONCLUSION: 
Impact of air changes has been studied on 

exergy analysis of BiSPVT system. It has been 
found with increase in air changes from 0 to 4, 
daily thermal exergy drops by 6.28 % and overall 
thermal exergy increases by 1.15 %. 
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