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A B S T R A C T   

The research focus immersed on the renewable power generation is moving more expeditiously than the con-
ventional power generation schemes. Additionally, apart from all other hybrid systems, Photovoltaic Thermal 
Systems (PTS) possesses the unique advantage of utilizing the maximum incident solar energy emanating from 
the radiant sun. Ordinarily, various PTS configurations implement different thermal extraction and heat utili-
zation methods. This exhaustive work majorly concentrates on the flat plate PTS configuration commercializa-
tion concepts. Nevertheless, the current research scenario for each specific configuration, such as liquid type PTS, 
air type PTS, Phase Change Materials (PCM) based PTS, Thermoelectric Generator (TEG) integrated PTS, and 
other hybrid configurations are withal discussed. In the commercialization aspect, the specific major constrai-
n is economic considerations. However, there is a lack of literature studies on the financial issues of vari-
ous PTS configurations. The main objective of the proposed work is to develop a theoretical economic model for 
the hybrid PTS configurations with a single reference frame. Therefore, this notable work considers the Leveli-
zed Cost of Energy (LCOE) for calculation of economics involved in the different PTS configurations and it 
compares with the standard PV model. Furthermore, theoretical results show that the LCOE of TEG based PTS 
configuration has exceptionally 8.71% higher LCOE than the standalone PV system, similarly for liquid, air, PCM 
and Nanofluid based arrangements is 43.5%, 24.24%, 28.40%, and 28.40% higher than the standalone PV 
systems.   

Introduction 

In recent times the power generated by renewable sources has 
incremented expeditiously. As a matter of fact, in renewable sources, 
solar power contribution is so high when compared with other sources. 
The sun is the most immensely colossal source of energy engenderment 
than any other renewable source. However, the amount of energy 
coming from solar radiation has not been completely converted into an 
effective form of energy. Therefore, there are many pieces of research on 
maximum energy tracking, extraction, and generation. The Photovoltaic 
(PV) panels engender electrical power by utilizing the light energy of 
the solar radiation but withal absorb the thermal energy, so it makes 
panel sultry. Consequently, this heat energy causes 0.5%/ 
◦C electrical efficiency loss per every degree temperature increment 
after 25 ◦C [1]. There is a great desideratum for abnegating the heat in 
the module to amend the electrical efficiency of the PV panel, i.e., 
cooling. Here, the term cooling refers to the reduction of PV panel 

temperature with the coolants. 
The Photovoltaic Thermal System (PTS) configurations come with 

the principle of PV cooling, and it utilizes the repudiated heat for ther-
mal applications like a domestic water heater, space heating, water 
distillation, etc. [2]. Notably, the PTS configurations are simple designs 
to extracts the heat energy from the PV panel, and it avails to truncate 
the temperature of the PV module. The complete analysis in this work is 
circumscribed to flat plate configurations because of its feasibility for 
the rooftop systems. Moreover, the performance of various PTS config-
urations is presented in the review [3] and research article [4]. But only 
liquid PTS configurations have emerged as a commercial product having 
the manufactures of Solimpeks, Turkey [5], DualSun, France [6], 
energy-xprt, USA [7]. The advantage of PTS configurations is that it 
engenders more energy than the stand-alone PV systems [8]. The proven 
results show the PTS configurations develop more energy than the PV 
system [9] but a simple question is “why many of the hybrid Photo-
voltaic Thermal configurations has it not emerged as a reliable com-
mercial product?” till date. To find the solution to this question, 

* Corresponding author. 
E-mail address: ponnambalam.p@vit.ac.in (P. Ponnambalam).  

Contents lists available at ScienceDirect 

Sustainable Energy Technologies and Assessments 
journal homepage: www.elsevier.com/locate/seta 

https://doi.org/10.1016/j.seta.2020.100932 
Received 22 June 2020; Received in revised form 8 November 2020; Accepted 20 November 2020   

mailto:ponnambalam.p@vit.ac.in
www.sciencedirect.com/science/journal/22131388
https://www.elsevier.com/locate/seta
https://doi.org/10.1016/j.seta.2020.100932
https://doi.org/10.1016/j.seta.2020.100932


Sustainable Energy Technologies and Assessments 43 (2021) 100932

2

subsisting literature and theoretical methods are utilized for various PTS 
configurations. 

The PTS configurations performance is analyzed concerning th-
e transmutation of different design parameters such as glazing [10], re-
flectors [11], PV silicon wafer type [12], absorber plate [13], flow type 
[14], single-pass/dual-pass [15], by considering the input changes, i.e., 
solar irradiation, ambient temperature and wind velocity of the location. 
Furthermore, the performance measures for assessing the PTS configu-
rations are net efficiency, Coefficient of Performance (COP), and Life 
Cycle Analysis (LCA) [16]. Major researchers are concentrating on 
the performance amendments by making incipient design configuration 
along with the heat pipes, microchannel, concentrators, and reflectors. 
But there’s some lack within the economic analysis for several design -
configurations [17]. In this article, the financial report of significant 
design configurations of the photovoltaic thermal -
system by utilizing the benchmark economic tool Levelized Cost of En-
ergy (LCOE) is highlighted. 

In the literature, authors [18] formulated a mathematical model to 
calculate LCOE of PV and Concentrated Solar Power (CSP) system-
s individually, and it shows that CSP power generation is not economi-
cal as the PV power generation in 2030. In the same way, the authors 
[19] developed an economic model of PV/T configuration utilizing the 
Life cycle cost (LCC) computation by considering the necessary expenses 
of the system. Nevertheless, this method didn’t provide a clear -
economic projection than the LCOE. The authors [20] performed a dy-
namic simulation of PTS configuration for heating the swimming pool; 
the cost functions are considered for separate systems of PTS to calculate 
the tariff. Consequently, the results show that the economic feasibility 
for PTS configuration for indoor and outdoor swimming pool model-
s has to improve by adopting the thermal feed-in tariffs. 

The authors [21] produced the LCOE analysis of individual PV (20 
MW), CSP (30 MW), and hybrid PV-CSP (50 MW) plants with fifteen -
hours of thermal storage systems by simulating up to 2050 for the -
Atacama Desert, in Chile’s climatic conditions. Consequently, 
the LCOE simulation results for PV, CSP, and hybrid PV-CSP plants by 
considering the blue map scenarios 2014 to 2050 are 12.88 & 8.43 cUS 
$/kWh, 15.29 & 9.02 cUS$/kWh, and 14.69 & 8.57 cUS$/kWh res-
pectively. Comparatively, the LCOE simulation results for PV, CSP, and 
hybrid PV-CSP plants by considering road map scenarios 2014 to 
2050 are 10.74 & 7.79 cUS$/kWh, 14.93 & 7.57 cUS$/kWh and 13.88 
& 7.74 cUS$/kWh respectively. The authors [22] have carried out the 
preliminary economic Analysis of Thermoelectric Generator (TEG) 
integrated microchannel PTS configuration, and the outcomes highlight 
the concerning energy and economics payback period. The authors 
[23] considered the LCOE analysis of various PV material plants, and 

the results show that the Heterojunction with Intrinsic Thin-layer (HIT) 
has the lower LCOE of 0.15$/kWh when compared with other five 
different PV configurations. In the same way, authors [24] made the 
economic analysis by utilizing analysis of variance (ANOVA one way) 
tool for the PV system by considering cooling consequences, and the 
outcomes show, that the heat exchange PV system is having more eco-
nomic feasibility than the sprinkle cooling PV system. 

The authors [25] have done the LCC analysis for a building inte-
grated PTS configuration with two varied approaches in designs, whi-
ch are i) Individual PV and Individual Solar Thermal (ST) and ii) Liquid 
type PTS configuration. Comparatively, the cash payback time for a 
liquid type PTS configuration is 0.72% lower than the individual PV and 
ST systems. 

The authors [26] presented the LCOE analysis of micropor-
ous TEG integrated PTS configuration, and the results show that the 
microporous TEG minimizes up to 13.89% of the regular TEG cost. 
The author [27] produced an LCOE analysis of liquid type PTS config-
uration, and it’s far as compared with the flat PV and solar thermal 
system. Notably, the result shows that the liquid type -
PTS configuration has more economical feasibility for rooftop power 
and hot water generation. 

In recent instances, numerous PTS configurations had been re-
searched that may generate/extract more energy with scarcely higher -
efficiency than the stand-alone PV by using water [28], air [29], 
Nanofluids, Phase change material [30], and Thermoelectric generator 
[31]. The objectives of the proposed work are considered to give di-
rection for the commercialization of PTS configurations.  

1. To check the commercial viability of PTS configurations  
2. To develop a financial model for all PTS configurations for the same 

reference frame  
3. To evolve the economic feasibility of all PTS configurations. 

The above-said objectives can be achieved with a help of developing 
a theoretical model for different PTS configurations such as liquid type, 
air type, nanofluid type, PCM type, and TEG type PTS configurations 
with the help of literature. The economic values of each PTS configu-
ration are considered for a single reference frame and are compared to 
identify the commercial feasibility of PTS configurations. In many por-
tions of the literature, the financial Analysis of PTS configuration is 
attempted by amalgamating both the economic values of PV and Solar 
thermal. Additionally, theoretical/experimental analysis is carried out 
for the liquid type PTS configuration concerning LCOE and LCC. Still, 
newly, TEG integrated PTS, Phase Change Material (PCM) based PTS, 
and Nanofluid type PTS configuration gain extra attention in 

Nomenclature 

a-Si amorphous Silicon 
BOS Balance of System 
CdTe Cadmium Telluride 
CIGS Copper Indium Gallium Selenide 
COP Coefficient of Performance 
c-Si crystalline Silicon 
CSP Concentrated Solar Power 
DSSC Dye-Sensitized Solar Cell 
GaAs Gallium Arsenide 
LCE Life Cycle Analysis 
LCOE Levelized Cost of Energy 
NOCT Nominal Operating Cell Temperature 
NPV Net Present Value 
NREL National Renewable Energy Laboratory 
PCM Phase Change Material 

PCM Phase Change Materials 
PTS Photovoltaic Thermal System 
PV Photovoltaic 
TEG Thermoelectric Generator 
Parameters 
d depreciation rate (%) 
Et Energy generated (kWh/year) 
G Solar Irradiation (W/m2) 
I0 Investment cost ($/kW) 
Mt Maintenance cost ($/kW/year) 
Ot Operational cost ($/kW/year) 
r rate of discount (%) 
T lifetime of the project (years) 
Ta Ambient temperature (◦C) 
Tm Module temperature (◦C) 
W Wind velocity (m/s)  
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the direction of the energy generation. The ratings, size, and location of 
all the literature studies are divergent. Hence, in this work, a posit has 
been made on PTS configurations that all are considered in the same 
location (Vellore, Tamilnadu, India) and size (5 kW) with surmised 
economic values. This study avails to find the economic feasibility of 
various PTS configurations in the direction of product development and 
its commercialization. 

This article is prepared as, in Section 2, the essential need for PTS 
configurations and its types in keeping with coolant flow are offered. 
Section 3 describes the LCOE of various PTS configurations. The -
summary of the LCOE is utilizable for the production and utility sectors 
to develop/implement PTS configurations. Section 4 describes the cur-
rent studies demanding situations in PTS configurations, and it gives 
direction for future researches. 

Photovoltaic thermal configurations 

In all the PV module datasheets, the temperature coefficient of short 
circuit current or open-circuit voltage and a maximum power of PV 
parameters are mentioned by the manufacturers. In general, variants of 
PV cells and their temperature coefficient parameters are shown in 
Table 1. Hither, the construal of a temperature coefficient is the per-
centage of increment or decrement in any parameter concerning the 
increment or decrement of temperature. Wherein, the positive sign de-
notes the magnitude of an increase in ISC for every 1 ◦C increment of 
temperature above the 25 ◦C, and the negative sign betokens the 
amplitude of decrement in VOC, PMax for every 1 ◦C increment of tem-
perature above the 25 ◦C. In all the cases, maximum power is indicated 
with a negative sign, and it betokens that the module power truncates 
with the increment in temperature above 25 ◦C. However, the rooftop 
PV modules reach around 95 ◦C during the summer, which leads to a 
reduction in power by 17.5% of its maximum potential. The temperature 
coefficient for different PV modules is shown in Table 1. 

PV module temperature 

The sun is a significant wellspring of warmth and light. Moreover, 
solar radiation is divided into three types and is direct, diffuse, and 
reflect (albedo) radiation. In detail, the direct radiation hits the solar 
panel surface, the PV semiconducting materials convert the photon en-
ergy to DC power, and the PV assembly absorbs the radiated heat en-
ergy. On the positive side, this heat energy serves as the source of hybrid 
thermal systems. Further, Fig. 1 shows the flat plate PTS cross-sectional 
diagram. 

Some of the parameters influencing the PV module temperature are 
listed below  

1. The natural parameters like the ambient temperature of the location, 
wind velocity, and solar irradiation are the significant parameters of 
the solar module temperature [9].  

2. The number of glass covers on the top of PV additionally affects the 
thermal extraction in solar radiation. The glass cover act as a primary 
sentinel from the external conditions, and transmits uniform energy 
throughout the surface of the silicon layer [33].  

3. The backing layer materials withal transmute the heat energy 
accumulated at the backside of the PV module [8].  

4. The temperature coefficient of different PV materials transmutes the 
magnitude of energy generated by the PV system [34]. 

The electrical efficiency of the system can be increased by reducing 
the heat in the PV panel. Notably, the PV panel temperature can be 
evaluated by numerous correlations. To enumerate, in one of the liter-
ature, the temperature of the PV panel can be predicted by a relationship 
given in Eq. (1) [35]. In the same way, another popular estimation of the 
heat of the module is by the Nominal Operating Cell Temperature 
(NOCT) of the panel, and that is provided in Eq. (2) [36]. 
Tm = 0.943Ta + 0.0195G− 1.58W + 0.3529 (1) 

Table 1 
Temperature co-efficient for different PV modules [32].  

Temperature coefficient 
parameters 

Mono-Crystalline 
silicon (m-Si (B-C)) 

Copper Indium 
Selenide (CIS) 

Heterojunction with Intrinsic 
Thin layer (HIT) 

Multi-Crystalline 
silicon (mc-Si) 

Amorphous silicon and 
microcrystalline silicon (a-Si & µc-Si) 

Short circuit current temperature 
coefficient ISC (%/◦C)  

0.059  0.01  0.03  0.036  0.056 

Open circuit voltage temperature 
coefficient VOC (%/◦C)  

−0.19  −0.30  −0.24  −0.33  −0.39 

Maximum power temperature 
coefficient PMax (%/◦C)  

−0.38  −0.31  −0.30  −0.47  −0.35  

Fig. 1. PTS cross-sectional diagram [19].  
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Tm = (Ta + (NOCT − 20))
G

800
(2)  

where Ta is the ambient temperature in ◦C 
G is the irradiance in W/m2 

W is the Wind velocity in m/s 
The temperature difference between the cell temperature and the 

back surface of the module is denoted as ΔT. Moreover, the temperature 
for the thermally insulated surface is zero, and for the flat-plate module, 
open rack mounting is 2 to 3 ◦C at standard solar irradiation. And, for 
concentrating type, this quantification is between the back surfaces and 
the finned heat exchangers (heat sink). 

Classification of PTS configurations 

The PTS configurations represent the latest technology to utilize the 
PV panel’s unutilized temperature for different heating applications. 
Generally, in a PTS configuration, the heat energy is absorbed by a 
coolant (that flows below/above the PV panel) which minimizes the 
temperature of the PV panel so that the electrical efficiency of the PV 
panel increases [37]. Besides, the cooling process is done through con-
duction or convection, or radiation processes. There are several mech-
anisms used to lessen PV panel heat. In this context, the concerns for 
discussions are the PV panel heat reduction and the heat utilized by 
different PTS configurations. Correspondingly, Fig. 2 shows several 
settings developed in PTS. 

The PTS modules are structured from multiple points of view by 
picking the correct absorber plate, coolant type, and flow type. Some of 

Fig. 2. Classification of PTS configurations.  

Table 2 
Different PTS module design parameters.  

Design 
parameter 

Available configurations Remarks 

Coolant 
flow 

Natural/Forced The thermosiphon model for 
natural liquid flow is possible. 
Forced air configuration needs 
additional setup. 

Coolant type Liquids/Gaseous Liquids such as water, 
Nanofluids, and gases such as air 
is used in PTS systems 

PV module 
material 

Crystalline silicon (sc-Si/mc-Si), 
thin-films (a-Si/ CdTe, CIS, 
CIGS), Dye-Sensitized Solar Cell 
(DSSC), and organic solar cells. 

The selection PV wafer depends 
on its electrical efficiency and 
cost. The commercial PV wafer 
efficiency at STC conditions 
varies from 10% to 30%. 

Collector 
type 

Flat-plate / Concentrated Flat plate configurations 
generate more electrical and 
fewer heat energies and 
concentrated systems produce 
more heat and less electrical 
energy. 

Covers Glazed / Unglazed Glazing increases the optical 
losses, but a proper tradeoff has 
to be done for selecting the 
optimal glazing thickness, which 
has a less optical loss and 
provides excellent protection. 

Absorber 
plate 

Aluminum/copper Copper is a good heat absorber 
than aluminum.  

Fig. 3. Active type heat reduction of PV panel (See references mentioned above for further information).  
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the design parameters considered for the design of PTS modules are 
listed in Table 2. 

The different design parameters in PTS configurations influence the 
module temperature. In this article, coolant flow is taken as the 
parameter for classification to introduce various PTS configurations in 
the sub-sections. In particular, the active and passive types of PTS re-
duces the module temperature by changing the design parameters like 
flow rate to single-pass or dual-pass. 

Active methods 

In the active PTS, external pumping force is used to make the cool-
ants to flow in the rear side of PV. Moreover, in the active type, majorly 
air and Nanofluids are used as coolant. In particular, the active coolant 
flow methods are more suitable for the flat plate configurations rather 
than the concentrated because of its constructional feasibility. Alto-
gether, the amount of heat reduction by the active systems presented in 
the literature is shown in Fig. 3. 

Active air pass configuration 
The air type coolants flow through single or dual passes to extract 

maximum heat from the absorber surface. Notably, the amount of heat 
extraction from the active air systems is intense because of the direct 
coolant contact between the heating surface and the air. After all, the 
heated air is collected by the pressurized tank to be utilized for heating 
applications. In some of the active airflow systems, the fin constructions 
are used to enhance the heat extraction. As well as, in some of the air 
type PTS configurations, the heated air is directly utilized for drying 
purposes without any storage tank. 

Active Nanofluid configuration 
The nanofluid type active systems are designed with a closed-loop 

pipe arrangement. In the first place, the selection of this type of nano-
fluid configuration for the thermal extraction depends on the available 
heat energy. Comparatively, the nano fluid-based PTS works with 
maximum efficiency than any other PTS configurations because it is 
good in heat conductivity, convective heat transfer coefficient, and its 
magnetic & electrical characteristics. 

Passive methods 

The passive PTS are the natural coolant flow systems. The natural 
flow occurs through the thermosiphon principle. Currently, water is 
used as a passive coolant fluid for the experimental works. Albeit in 
recent advancements, for the natural flow systems, the nanofluid con-
figurations are implemented. To summarize, the amount of temperature 
reduction by the natural flow liquid PTS is shown in Fig. 4. 

Other PTS configurations 

Apart from the above mentioned active and passive systems, other 
popular configurations are stand-alone PV with PCM, TEG, and the 
coalescence of both PCM & TEG. In like manner, there are, in addition, 
some hybrid configurations by combining the TEG, PCM, and heat pipes 
to the existing configurations. Albeit the direct energy conversion type, 
such as PV integrated TEG, PV integrated PCM are active research areas 
in the current scenario. Nevertheless, the other configurations are still in 
design, prototype experimentation for the optimum system design 
configuration. However, the dynamic control type configurations de-
mand more attention to the heat exchanging control. 

The above-said configurations are classified as per the coolant flow 
(Active/Passive/other). Notably, the active configurations have the 
advantage of a high rate of heat removal and ease in control. While the 
passive configurations have the advantage of simple construction and 
reduced cost, indeed, these configurations have more precedence than 
the stand-alone system. Still, the primary reason for the commerciali-
zation is cost, i.e., the amount to be invested in extracting the additional 
energy. 

Many literature studies demonstrated the different types of PTS 
configurations in various approaches such as theoretical simulations, 
numerical models, and experimental setups. It is difficult to make the 
economic model for all types of PTS configurations which are presented 
in the literature. To make the objective of the proposed work more 
specific by considered the PTS configuration which is having more 
commercial feasibility. The liquid type, air type, nanofluid based, PCM 
based, TEG integrated PTS configurations are having more commercial 
feasibility than the other PTS configurations. 

Economic aspects of PTS configurations 

This section articulates a clear view of the economic aspects of PTS 
configurations. Undoubtedly, the economic aspects are one of the pri-
mary concerns for commercializing any system. To enumerate, the cost 
of any system represents the sum of material cost, production cost, 
operation & maintenance cost (O&M), interest & depreciation cost. In 
particular, some of the patented design works emerged as a commer-
cialized product in PTS configurations. Still, many configurations are 
not yet released by any manufacturers due to the economic validations. 
Specifically, in this work, the Levelized cost of energy (LCOE) is 
considered for various PTS configurations, due to the lack of data 
availability in the investment, O&M costs of PTS configurations. 

The economics in each PTS configuration represent fundamentally 
the sum of the cost incurred for PV and thermal extraction medium and 
its configuration designs. The PV system is the primary source for 
electricity generation, and the thermal design fortifies the PV system to 

Fig. 4. The passive type heat reduction of PV panel (See references mentioned above for further information).  
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enhance its overall efficiency. Indeed, in this economic analysis, five 
different PTS configurations are considered, and they are i) liquid type 
PTS ii) air type PTS iii) Nanofluid PTS iv) PCM based PTS and v) PV with 
Thermoelectric Generator (TEG). Another PTS configuration combina-
tion of any two or more PTS configurations leads to the development of 
hybrid configurations. 

To achieve the Net Present Value (NPV) of zero when doing the 
discounted cash flows with assumptions the suitable method is the 
Levelized cost of energy (LCOE). The sum of the present value cost is 
achieved by multiplying the Energy generated annually (Et) with LCOE 
and is shown in Eq. (3) [18]. 
∑

T

t=0

(LCOEt) × (Et)

(1 + r)t
=

∑

T

t=0

(Costst)

(1 + r)t
(3) 

By writing the LCOE from Eq. (3) 

LCOE =
∑

T

t=0

(Costst)

(1 + r)t
/
∑

T

t=0

(Et)

(1 + r)t
(4)  

where Costst is called the discounted Costs which includes discounted 
Investment cost (I0), Operational (Ot), and Maintenance (Mt) costs from 
zero years to a lifetime. The denominator is the discounted energy 
generated from zero years to a lifetime. It has to note that, the Invest-
ment cost of the project consider only at the time of beginning, so it has 
to separate from the summation in Costst and is shown in Eq. (5). The 
energy generated at the begging year is zero and also considers the 
degradation in the energy concerning time and is shown in Eq. (6). 

i.e., 

Costst =

{

I0 t = 0

Ot&Mt t > 0
(5)  

Et =

{

0 t = 0

max[E0(1 − d)t−1, 0] t > 0
(6) 

The Levelized cost of energy (LCOE) written as 

LCOE =
I0 +

∑

T

t=0(Ot + Mt)/(1 + r)t

∑

T

t=0Et/(1 + r)t
(7) 

In these, 
I0 is the initial Investment cost ($/kW) 
Ot is the Operational cost ($/kW/year) 
Mt is the Maintenance cost ($/kW/year) 
Et is the Energy generated (kWh/year) 
T is the lifetime of the project 
r is the rate of discount (%) 
d is the depreciation rate (%) 
In major literature works, the economics assessment has been per-

formed for the PTS configurations by taking into account the structural 
cost discretely for stand-alone PV systems and the solar thermal system. 
However, in this theoretical analysis, considered the net cost of PTS 
configuration represents the sum of PV cost and the adscititious thermal 
extraction cost influenced on all costs, as the thermal system is going to 
be implemented with the stand-alone PV system structure. While in the 
sub-sections specifies the operational and maintenance expenses of 
different PTS configurations. 

In this theoretical model, some of the assumptions are taken into the 
account concerning financial and technical aspects [50]. The nominal 
discount rate of all PTS and PV systems is 5%. The baseline values of PV 
and additional thermal extraction costs that affect LCOE are presented in 
Appendix A. The operation and maintenance costs of PTS configurations 
are considered according to their materials of design and their properties 
of the NREL-CREST Cost of Renewable Energy Spreadsheet Tool [51]. 
The Efficiency of the PV module and the thermal systems are to be 
constant (irradiance, ambient temperature, and module temperature) 
and only vary concerning annual degradation. 

All PTS configurations consist of a Multi crystalline PV module 
having a glass polymer back sheet operated at the roof top having a fixed 
tilt at a location of Vellore, Tamilnadu, India. Various PTS configura-
tions have disparities in the costs influencing parameters such as front 
layer cost, back layer cost, extra components cost, O &M cost, Balance of 
System (BOS) power & area costs, and supplemental components cost. 
Consequently, these cost parameters influence the module cost and 
installation cost of the system. In essence, the energy yield and efficiency 
of the system are based on the sum of electrical and thermal energy 
extracted/utilized by the PV/T configurations, and this influences the 
LCOE of the system. 

The front layer cost includes the cost of glass covers on the PV sur-
face, and it is quantified in $/m2. Generally, the cell cost is influenced by 
the type of PV cell (i.e., PV wafer cost) utilized in the system, and it is 
quantified in $/m2. This cost varies for different silicon wafers. The back 
layer cost includes the cost of the polymer or polymer glass utilized in 
the PV module. The Non-cell module cost consists of the cost of encap-
sulation, cell interconnection, junction box, leads, connectors, name-
plate, frame, and it’s testing, which is quantified in $/m2. The extra 
component cost for PV is zero, and for the PTS configurations, and it 
varies according to the design configuration, it is quantified in $/m2. 
The O & M cost includes the cost of troubleshooting, repairs, and 
cleaning considered per year, and it is quantified in $/kW/m2. The BOS 
cost, power-scaling, includes the cost of inverters and electrical com-
ponents regardless of physical size, and it is quantified in $/W. The BOS 
cost, area-scaling, consists of the cost of racking, wiring, and installation 
labor, which is quantified in $/m2. The performance of the system is 
analyzed depending on the energy yield and its efficiency. In particular, 
the electrical efficiency of the system is quantified at the STC conditions, 
and the thermal efficiency varies concerning the time. Altogether, the 
overall efficiency is the sum of both electrical and thermal capabilities 
per annum, and it is expressed in (%). The energy yield in PV/T repre-
sents the sum of the electrical and thermal systems. The electrical yield 
is calculated as per the datasheet and its annual degradation. The 
thermal energy is quantified in Btu/hr, and it is converted into respec-
tive units of kW. Overall, the total energy yield of PTS configurations 
represents the sum of electrical and thermal energy yields. 

The PV system considered for all the PTS configurations is a multi- 
crystalline silicon PV cell with a glass-polymer back sheet package 
installed in the rooftop having a fixed tilt. In general, cell technology 
influences the cell cost, efficiency, energy yield, degradation rate, and 
Balance of System (BOS). is Individual, in the present work, a multi- 
crystalline silicon PV cell considered, and it provides an efficiency of 
18% with a 0.4% depreciation rate. For various PTS configurations, the 
depreciation rate varies, relying upon its constructional structure 
arrangement. 

On account of a 5 kW PV framework, it requires a base territory of 38 
m2, and it produces a typical month to month vitality of 490kWh to 
1190kWh of alternating power with average daylight of 7 h out of each 
day. Since the initial cost of the project is applied at the time of starting 
so, the rebate rate ought not to consider any significant bearing for a 
lifetime. Individually, in this analysis, LCOE is regarded as a 5 kW PV 
system possessing the mean capital, O & M costs, which are taken from 
the (NREL) database [52]. The economic aspects of a PV system are 
shown in Table 3. 

Table 3 
Economic aspects of a PV system.  

Economic parameters Value 
Investment cost 3000 $/kW 
Lifetime 25 years 
Discount rate 5% 
Operational cost 10 $/kW/year 
Maintenance cost 10 $/kW/year 
depreciation rate 0.4%/year  
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The module cost is the sum of all the module components and 15% 
marginal profit to the manufacturer [52] and is given by Eq. (8) 
Module cost = Cost of module parameters+ 15% Profit (8) 

The cost of module parameters is the sum of front layer cost, cell cost, 
back layer cost, and extra components costs [53]. The energy output for 
all PTS configurations is electrical and thermal energy. Moreover, the 
thermal energy (BTU/hr) is converted into equipollent electrical energy 
(W) to get the total energy yield of the PTS configuration. In the present 
work, the energy yield of all PTS configurations is shown in percentage 
and is referred to as the magnitude of energy gain as compared with the 
stand-alone PV system. In this comparative study, the displayed images 
are not the 5 kW PTS configurations and are shown to grasp a conception 
about its design configuration. The cost parameters of all PTS configu-
rations vary due to its design and operations. The cost metric method-
ology [54] of each system is described at the respective PTS 
configuration. 

Liquid type PTS configuration 

One of the liquid PTS configurations is shown in Fig. 5. The invest-
ment and O & M cost of liquid PTS configuration is high as compared to 
the stand-alone PV system. While the liquid PTS configuration is shown 
for a single module, for an extensive system like 5 kW, it requires a bulk 
water tank, control valves, and piping system, which are mentioned in 
ref [25]. So the investment cost increases as 1000 $/kW power gener-
ation and operational cost increases by 7 $/kW/year, operations and 
maintenance cost is increased by 7 $/kW/year due to rusting and 
damaging of piping and control valve structures. To sum up, the net 
value of the system increases by 30 to 40% of the investment as 
compared to the stand-alone PV system. Therefore, the depreciation rate 
of the configuration is increased by 0.1% [55]. Important to realize, the 
quantity of thermal energy extracted from the liquid type configuration 
depends on the parametric values such as the type of the absorber plate 
and the flow rate of water. 

Nonetheless, in this analysis, a PTS configuration that has a constant 
flow rate with a copper absorber plate to extract the maximum thermal 
energy from the module is considered. As might be expected, the 
removal of heat causes the increment in electrical power generated by 
PV, and the heat extracted from the module is converted into its 
equivalent energy in Watts. The combined energy derived from the 
liquid type PTS configuration is 15 to 18% depending on its configura-
tion type [56]. 

The cost of the liquid type configurations varies depending on its 
configuration type, such as active or passive. The dynamic (active) 
systems cost 0.1% higher than the passive systems because of its force 
pumping add-ons. In general, the passive configurations work with the 
thermosiphon principle to flow the coolant from the tank. Furthermore, 

this type of arrangement demands more attention while designing for a 
particular location as the tilt angle, average temperature, and flow pipe 
diameter vary for different areas. After all, electrical and thermal energy 
gain leads to an increase in the combined utilizable energy up to 15% of 
the stand-alone PV system [57]. Table 4 show some of the assumptions 
made in the economic aspects of liquid type PTS configurations. 

Air type PTS configuration 

In air type PTS configuration, only a dynamic (active) method is 
appropriate to extract the heat from the module. In the active air type 
configuration, there are two types of arrangements that are more pop-
ular i) single-pass ii) dual-pass. To illustrate, Fig. 6 shows the dynamic 
(active) single-pass system. Considering the investment aspects, the cost 
of a single and dual-pass varies marginally, and O&M depends upon the 
storage. A blower is essential to force air inside PV layers in both single- 
pass and dual-pass system. In a single pass, hot air is accumulated at one 
end by a reservoir, in dual-pass, air coerced IN in one layer comes OUT 
through another layer. Hence, making the designs to collect the hot air at 
the same end becomes crucial. The investment cost of the system in-
creases by 0.1% due to air compression storage [58]. Albeit, this cost is 
omitted in the case of non-storage configurations. Significantly, the life 
span of this configuration is higher than the liquid type system. More-
over, the degradation rate is withal equipollent to the PV because it 
doesn’t impact any physical components like the liquid type. Un-
doubtedly, the maintenance cost is high for the storage-based configu-
rations as compared with the non-storage arrangements. 

Some of the significant applications of the air type PTS configura-
tions are space heating, agriculture drying. While some air type con-
figurations like space-heating need hot air storage, some other 
arrangements like agriculture drying don’t need any room (storage). 
Indeed, the cost varies depending on the warm air storage. The magni-
tude of energy extracted from the air type PTS configuration depends on 
the airflow rate of a single-pass or dual-pass setting. To enumerate, in 

Fig. 5. Passive type Liquid PTS configuration.  

Table 4 
Assumptions in Economic aspects of liquid type PTS configurations.  

Economic parameters Value  
Active Passive 

Investment cost 4400 $/kW 4000$/kW 
Lifetime 25 years 25 years 
Discount rate 5% 5% 
Operational cost 18 $/kW/year 17 $/kW/year 
Maintenance cost 18 $/kW/year 17 $/kW/year 
depreciation rate 0.5%/year 0.5%/year 
Energy gain 18% 15%  

Fig. 6. Air type PTS configuration.  
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this air type PTS configuration, the thermal energy extracted from the 
module is 8% higher than the liquid type configuration. Consequently, 
the total energy gain by the air type PTS configuration is 18 to 22% as 
compared to the stand-alone PV system [59]. Table 5 shows some of the 
assumptions made in the economic aspects of air type PTS 
configurations. 

Nano fluid-based PTS configuration 

The Nano fluid-based PTS configuration remains the advanced 
method in extracting the heat from the module. In this configuration, 
using an external force, the nanofluids such as Al2O3, CuO, Graphite, 
CNT, TiO2, and Cu are commixed with the base fluids such as water, oil, 
and acetone are made to flow in the system as indicated in Fig. 7. 
Significantly, the cost of nanofluid depends on the particle size and 
fraction of the mix of particles. Hence, the investment cost of this 
configuration is higher than the liquid and air type configurations [60]. 
Moreover, the operation and maintenance of the Nanofluid setting are 
the same as the storage-based air type PTS. However, the lifetime of this 
system depends on the degradation of Nanofluid properties. Altogether, 
the calculation for the magnitude of thermal energy extracted in 
Nanofluid PTS configuration depends on the thermal storage tempera-
ture. Comparatively, the heat abstraction rate for the Nanofluid is 10% 
higher than the air and water [61]. Albeit the rate of heat abstraction is 
more elevated than air, the amount of thermal energy extracted is 3% 
lower than wind (air-type) because of Nanofluid properties. Table 6 
shows some of the assumptions made in the economic aspects of nano-
fluid type PTS configurations. 

PCM based PTS configuration 

The Phase Change Mater (PCM) based PTS configuration utilizes the 
PCM to accumulate the thermal energy. There are two types of PCM 
available in the market they are organic and inorganic. In recent years 
organic-based PCMs are used, such as Rubitherm RT20, RT21, RT25, 
RT27, RT31, RT35, RT42, RT44, RT60, RT10HC, RT18HC, RT25HC, 
RT35HC, SP220A, Walksol A, and Calcium chloride hexahydrate. 
Notably, the investment cost of PCM based PTS configuration is high 
because of the closed-loop control design of PCM flow, storage struc-
tures, and safety measures. The operational cost is the same as the PV 
system. Still, the Maintenance cost increases due to the supersession of 
PCM and the requisite of regular inspection of the system flow. Never-
theless, the lifetime of the PCM based PTS is high because there is no 
dynamic operation in the system [62]. 

The energy density of PCM based PTS configuration is 8% higher 
than the liquid and air type configurations. Overall, the energy 

Table 5 
Assumptions in Economic aspects of air type PTS configurations.  

Economic parameters Value  
With storage Without storage 

Investment cost 4400 $/kW 4000 $/kW 
Lifetime 30 years 30 years 
Discount rate 5% 5% 
Operational cost 15 $/kW/year 12 $/kW/year 
Maintenance cost 15 $/kW/year 12 $/kW/year 
depreciation rate 0.4%/year 0.4%/year 
Energy gain 22% 18%  

Fig. 7. Nano fluid-based PTS configuration.  

Table 6 
Assumptions in Economic aspects of Nanofluid type PTS 
configurations.  

Economic parameters Value 
Investment cost 4500 $/kW 
Lifetime 25 years 
Discount rate 5% 
Operational cost 15 $/kW/year 
Maintenance cost 15 $/kW/year 
depreciation rate 0.4%/year 
Energy gain 20%  

Fig. 8. PCM based PTS configuration.  

Table 7 
Assumptions in Economic aspects of PCM based PTS 
configurations.  

Economic parameters Value 
Investment cost 4500 $/kW 
Lifetime 25 years 
Discount rate 5% 
Operational cost 12 $/kW/year 
Maintenance cost 16 $/kW/year 
depreciation rate 0.5%/year [63] 
Energy gain 12%  
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efficiency of this configuration is 20 to 25% higher than the stand-alone 
PV, depending on the PCM materials, PCM location, and its integration. 
The degradation of PCM material depends on the number of energy 
cycles. The commercially available PCM has 20 years of life span with 
5400 energy cycles [63]. Fig. 8 shows a typical PCM based PTS 
configuration. Table 7 shows some of the assumptions made in the 
economic aspects of PCM based PTS configurations. 

TEG integrated PTS configuration 

The TEG integrated PV is the most straightforward configuration 
compared to all other settings listed above because it doesn’t have any 
dynamic controls and complex closed-loop systems. In either case (PV 
and TEG), the energy conversion process transpires with the funda-
mental inputs of photons and heat without any external forces [64]. The 
investment cost of this configuration increases with the expense of 
Thermoelectric Generators. However, there is no desideratum for any 
additional operational and maintenance costs for TEG. Furthermore, the 
lifetime of TEG is about 30 years, and the degradation rate is low. 

The energy density of this configuration depends on the rating and 
quantity of TEGs connected at the rear side of PV [65]. Notably, in this 
PTS configuration, supplemental energy engendered is only electrical 
energy; there is no thermal energy extracted or stored. The TEGs utilizes 
the module temperature to produce electrical energy, which is 20% 
higher than the stand-alone PV system [22]. Comparatively, the TEG 
integrated PTS configuration has direct energy conversion systems such 
as PV and TEG so that net efficiency is 2% higher than the dynamic type 
PTS configurations. Fig. 9 shows the TEG based PTS configuration. 
Table 8 shows some of the assumptions made in the economic aspects of 
TEG based PTS configurations. 

Other hybrid configurations 

Apart from the above, five configurations, the hybrid configurations 

are implemented to enhance the magnitude of energy engendered from 
the overall system such as PV with PCM & TEG, Liquid type PTS with 
TEG, and Nanofluid PTS with TEG. These combinations enhance the net 
efficiency from 5 to 10% than the stand-alone configurations. Compar-
atively, the investment cost of Nanofluid PTS with TEG is high due to the 
Nanofluid structure. At the same time, the liquid type PTS with TEG is 
moderate due to the fluid flow structure, whereas PV with PCM & TEG is 
low as compared with the remaining two configurations. 

The quantity of energy generated by the hybrid PTS configuration 
depends on the type of integration and its design configuration. In the 
case of PCM-TEG arrangements, the energy density for PCM is high. At 
the same time, the TEG converts low-grade heat into a valid form of 
energy, so total energy gain by integrating TEG with PCM type PTS 
configuration is 40%, which is shown in Fig. 10. In the case of Nanofluid 
PTS configuration, combined with TEG engenders supplemental energy 
of 30% than the Nanofluid PTS configuration and Fig. 11 shows the 
hybrid TEG Nanofluid PTS configuration. Water is used, in the case of 

Fig. 9. TEG based PTS configuration.  

Table 8 
Assumptions in Economic aspects of TEG based PTS 
configurations.  

Economic parameters Value 
Investment cost 3300 $/kW 
Lifetime 30 years 
Discount rate 5% 
Operational cost 11 $/kW/year 
Maintenance cost 11 $/kW/year 
depreciation rate 0.4%/year 
Energy gain 15%  

Fig. 10. hybrid PCM-TEG PTS configuration.  

Fig. 11. hybrid TEG Nanofluid PTS configuration.  
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TEG integrated liquid PTS configuration, to cool down the cold junction 
of TEG to increase the temperature difference between the two termi-
nals. The total energy gain by the liquid type PTS integrated with TEG 
engenders 70% of supplemental energy as compared to the fluid (liquid) 
PTS configurations Fig. 12 shows the liquid type PTS with TEG 
Configuration. Regardless of, the efficiency (η) of all hybrid configura-
tions are just marginally higher than the basic PTS configuration 
because hybrid configurations involve multiple conversion process, this 
causes a decrease in the net η of the system. The energy density of these 
hybrid coalescences is high due to the integration of 2 or more con-
version sources. In essence, the net efficiency of this configuration in-
creases remotely as compared to the individual setting. Table 9 shows 

Fig. 12. liquid type PTS with TEG Configuration.  

Table 9 
Assumptions in Economic aspects of hybrid PTS configurations.  

Economic 
parameters 

Value  

PCM-TEG 
PTS 

liquid type PTS with 
TEG 

TEG- Nanofluid 
PTS 

Investment cost 5200 $/kW 4800$/kW 5200 $/kW 
Lifetime 30 years 25 years 30 years 
Discount rate 5% 5% 5% 
Operational cost 20 $/kW/ 

year 
25 $/kW/year 20 $/kW/year 

Maintenance cost 20 $/kW/ 
year 

25 $/kW/year 20 $/kW/year 

depreciation rate 0.4%/year 0.5%/year 0.4%/year 
Energy gain 20% 17% 22%  

Table 10 
The LCOE, Module cost, Total installed cost of PTS configurations.  

S. 
No. 

Configuration LCOE 
$/kWh 

Module 
cost $/W 

Total 
installed 
cost $/W 

1. PV 0.264  0.36 1 
2 Liquid type PTS Active  0.382 0.39  1.69 

Passive  0.376 0.37  1.67 
3 Air type PTS With Storage  0.354 0.51  2.11 

Without 
storage  

0.302 0.52  2.05 

4 Nano fluid-based PTS 
configuration 

0.332  0.41 1.64 

5 PCM based PTS configuration 0.339  0.36 1.5 
6 TEG based PTS configuration 0.287  0.36 1.18  

Other hybrid 
configurations 

PCM-TEG 
PTS  

0.467 0.58  2.36 

liquid type 
PTS with TEG  

0.503 0.55  2.38 

TEG- 
Nanofluid 
PTS  

0.459 0.56  2.37  

Table 11 
Research scope of PTS configurations.  

Configuration Research Scope areas Remarks 
Liquid PTS 

configuration 
Develop the exergy based 
studies of each 
configuration.  

The efficient location of the 
heat pipe and its rating has to 
be optimized.  

Develop the flow rate 
management systems 
felicitous for domestic/ 
commercial applications. 

The Liquid type PTS 
configurations are more apt 
for high thermal absorption 
applications. These 
configurations have 
maximum efficiency with 
good exergy, and also 
possible to implement more 
possible configurations such 
as Microchannel heat pipe 
configurations. 

Air type PTS 
configuration 

Develop the compressed air 
storage system’s safety and 
standards.  

The excellent (optimum) 
ratings of the blower and the 
storage tank capacity for the 
felicitous application have to 
be derived.  

Design the flow rate of air 
and its control over the 
density in the storage tank. 

The air type configurations 
with storage are apt for the 
space heating applications, 
while, without storage, the 
type is harmonious for the 
agriculture drying 
applications. 

Nano Fluid based 
PTS 
configuration 

The selection of Nanofluid 
for the applications has to be 
specified.  

The flow control and the 
storage capacity of Nanofluid 
and base fluid has to be 
optimized.  

Describe the environmental 
and safety measures for the 
Nanofluid systems need in 
government policies.  

Most congruous for 
commercial and industrial 
applications. Comparatively, 
the energy yield of this 
configuration is higher than 
the liquid and air type 
configurations. 

PCM based PTS 
configurations 

Implement the optimum 
location and integration 
method of PCM.  

Organic PCM research is 
needed to increase the 
energy density of PCM.  

Effective heat energy 
extraction from the PCM 
needs to be improved.  

There is a need for research 
in energy density and its 
exergy efficiency. 

This configuration has more 
commercial viability than 
others due to its simple 
operation and construction. 
Again, the cycles of energy 
storage and extraction are 
limited. 

TEG based PTS To calculate the optimal 
number of TEGs required for 
a flat plate PV area.  

To design the optimal 
location of TEG and its 
connection configuration to 
extract maximum power.  

To design the efficient 
integration method to 
minimize thermal 
conductance between 
absorber and TEG.  

New materials have to come 
up with high energy density 
felicitous for low heat energy 
applications. 

This configuration has the 
advantages in the connection, 
integration to access 
distribution generating 
system, and high energy 
density. Comparatively, the 
electrical energy generated 
by this configuration is high 
because of direct energy 
conversion, and the 
generation of electrical power 
using heat energy. 

(continued on next page) 
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some of the assumptions made in the Economic aspects of hybrid PTS 
configurations. 

Summary of LCOE of all PTS configurations 

The LCOE calculated for all PTS configurations is by considering all 
the costs for energy generation [66]. The module cost represents the sum 
of front layer cost, PV Cell cost, back layer cost, and other than cell 
modules cost, while the components cost is extra. The total installed cost 
depends on the BOS cost of power-scaling, BOS cost of area-scaling, and 
the overall efficiency of the system configuration. For making all PTS 
configurations on the same scale of 5 kW rooftop having multi- 
crystalline PV cells integrated with polymer back sheet, the cost of 
each set is shown in Table 10. Appendix A shows the module cost and the 
Total installed cost parameter values, which are considered by various 
parameters associated with the setup. 

The above cost table limpidly shows that the TEG based PTS con-
figurations offer a low LCOE of 0.287 $/kWh with a module cost of 0.36 
$/W at a low installation cost of 1.18 $/W. Though, in this configura-
tion, just the electrical efficiency is increased by 3% when compared 
with other arrangements. 

Research challenges of PTS configurations 

In literature, the focuses of some of the works are on the new ad-
vantages of PV/Thermal systems [67] concerning the energy, exergy, 
Economic, Environmental aspects and its R & D progress on the specific 
configurations such as water heating & distillation, air PTS operated for 
Building-integrated systems, TEG based PTS, Nanofluid based PTS and 
PCM based PTS. These studies are on any single configurations/appli-
cations. Nonetheless, this section gives the design and economic analysis 
for prospective investors in the field of microgrid systems. 

In the process of commercialization of any product, it has to pass 

through three different engineering steps. The first one is design models 
of the system, the second is the optimization of design parameters, and 
the third is economic and environmental aspects. Apart from that, other 
standard and safety validations have to be passed by concerned regime 
policies of nations; at that point, just any novel configuration can 
emerge as an efficient commercial product. There are liquid type PTS 
accessible in the market by just a couple of providers; however, hardly 
these are known as the independent PV system. The PTS are currently 
facing constraints in the optimization of design parameters because each 
design configurations has different optimization parameters needed in 
the application perspective. Table 11 shows different PTS configurations 
having a specific change in design, either in coolant or flow or storage, 
with its applications. 

Table 11 shows the different configuration’s LCOE, module cost, and 
installation cost. The cost of PV, TEG based PTS, and PCM based PTS 
maintains a marginal difference in module cost due to its design con-
siderations. The installation cost of TEG based PTS is low compared to 
all other configurations. The LCOE of all the PTS configurations in-
creases from 8.7% to 90% as compared to the stand-alone PV system. 
Nevertheless, the energy gain by the PTS configurations is 10% to 50% 
as compared to the self-contained PV system. This metric shows that the 
cost per unit generation increases by 3% to 12% for the PTS configu-
rations. The utility sectors people are observing the following issues in 
the PTS configurations i) profit gain period is high, ii) less lifetime 
compared to PV iii) O & M cost high for liquid and air PTS configura-
tions. In the future, the PTS configurations will surmount these by 
making the most feasible design with minimum O & M by the soft 
computing based control strategies. The profit gain period increases 
when there is an increment in the magnitude of energy generated per m2 

area. 
From the above observation, the upcoming PTS configurations must 

consider the design aspects of particular PTS configurations along with 
the energy, exergy, economic analysis for the novel PTS configurations. 
There is a plethora of scope for the research in the PTS configurations for 
leading exploratory approvals to make a more reliable flat plate system 
within the economic considerations of the domestic rooftop system. 

Sensitivity analysis 

In the literature, study authors made the sensitivity analysis for in-
dividual PV and concentrated solar power systems [18]. In the proposed 
work authors attempted sensitivity analysis of PTS configuration con-
cerning energy and economic parameters. The solar irradiance and 
ambient temperature are the energy yield parameters, which creates a 
significant impact on the LCOE of PTS configuration. The economic 
parameters such as Investment cost (I0), Operation and maintenance 
cost (Ot & Mt), and other costs are grouped as system costs which are 

Table 11 (continued ) 
Configuration Research Scope areas Remarks 
Other hybrid 

configurations 
To implement the energy and 
exergy analysis with the 
overall efficiency.  

Develop the integration type 
and method for PCM-TEG 
based configurations.  

To develop the design flow to 
extract maximum power 
from the system. 

These configurations are 
felicitous for domestic/ 
commercial consumers 
because of the efficient 
utilization of low energy. 
Notably, the energy gain and 
the density is higher than all 
other PTS configurations.  

Fig. 13. Tornado analysis of PTS configurations.  
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impacting the LCOE of PTS configuration [68]. The discount rate also 
majorly impacts the LCOE of the system. In the proposed work, consider 
the solar irradiance, ambient temperature, system cost, and discount 
rates as input sensitive parameters of PTS configurations. 

The solar irradiance and ambient temperature causing a direct 
impact on the energy yield of the PTS configurations. The increase in 
energy yield leads to a decrease in the cost of energy generation [69]. 
The increment in PTS system cost leads to an increase in the LCOE of the 
system. The rate of discount varies country wise. The rate of discount is 
having a directly proportional relationship with the LCOE of PTS 
configuration. Fig. 13 shows the tornado analysis of all PTS configura-
tion by considering the minimum and maximum values of each input 
response. 

Recommendations 

The PTS, as mentioned above configurations, are having the feasi-
bility of commercialization concerning different applications. Some of 
the recommendations of PTS configuration are as follows  

• The Liquid type PTS configurations are more apt for the tropical 
countries to generate ample hot water for domestic needs along with 
electrical energy. Some of the liquid type configurations are present 
in commercial markets.  

• The air type PTS configurations have the feasibility in industrial 
applications. Still, it is obligatory to consider the industrial thermal 
safety standards and precautions to come up as a commercial prod-
uct. As far as without storage, air type configuration is concerned – 

the design of the application should be in such a way that the utili-
zation of hot air available is direct. The storage air type PTS con-
figurations possess more advantages than the ’without a storage 
system. Nevertheless, the single-pass air type configuration (storage 
type) is more convenient to come up as a commercial product for 
space heating applications and industrial drying applications. 

• The PCM based PTS configurations are more harmonious in the in-
dustrial heat management systems. The different materials of PCM 
engender a wide range of applications in various sectors. The 
demeanor and energy reversibility process plays a vital role in the 
selection of PCM for congruous use.  

• The Nanofluid PTS configurations are confronting challenges in 
commercialization – concerned with economic aspects, mainte-
nance, and safety standards. 

• The TEG integrated PTS configuration has more energy and eco-
nomic feasibility as compared to all other arrangements, which are 

apt for rooftop power generations in all the locations. Hence, the TEG 
material cost and its integration concepts are the current research 
area of thermoelectrics.  

• In the process of commercialization, government policies play a vital 
role. The renewable energy policymakers present all over the world 
have to encourage the PTS configurations for the domestic and in-
dustrial applications by providing subsidies. 

Conclusion and future scope 

This article discusses different configurations of photovoltaic ther-
mal systems. In that, active contours (configurations) have a high heat 
abstraction rate of 12% than the passive arrangements. In the overall 
designs discussed, TEG integrated with the PV system is a more feasible 
configuration for domestic rooftop power generation. In any case, more 
research is needed in the field of TEG materials to produce electrical 
energy for low heat sources with maximum conversion efficiency. This 
article discusses the economics involved in all the PTS configurations. As 
can be seen, the LCOE of the PTS configurations is increased by 8.7% to 
90% LCOE of stand-alone PV. To point out, the energy gain by the PTS 
configurations comprises 10% to 50% higher than the stand-alone PV. 

The all-out life pattern of PTS arrangement varies from 25 to 30 years 
relying upon its designs. Nonetheless, the economic payback period for 
the PTS configuration is 20–25 years, which is less than the stand-alone 
PV system due to additional equipment for the thermal extraction. 
Nevertheless, the energy payback is 15–20 years for various PTS con-
figurations due to the thermal gain, heat energy made available to be 
utilized for multiple heating applications. 

In the future, focus on the research works on the control of liquid/ 
airflow, integration of PCM/TEG with more thermally conductive sub-
stances, and the materials of Nanofluid/PCM/TEG need to increase their 
energy density for low-grade heat sources is significant. 
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Table A1 
LCOE calculation Parameters.  

Parameter PV Liquid type Air type Nano fluid PCM based TEG based Hybrid systems 
Front layer cost Glazing Glazing Glazing Glazing Glazing Glazing Glazing 
PV Cell cost Multi crystalline Multi crystalline Multi crystalline Multi crystalline Multi crystalline Multi crystalline Multi crystalline 
Back layer cost Polymer Absorber plate Fins, channels 

assembly 
Nanofluid flow 
assembly 

Absorber plate Absorber plate Absorber plate, flow 
assembly 

Other than cell 
modules cost 

Junction box, 
leads, test and 
encapsulation 

Water flow 
arrangements, water 
pump 

Airflow structure, 
blower 

Nanofluid, the 
base fluid 

Phase change 
material 

Thermoelectric 
generator 

PCM, Nanofluid, TEG, 

Extra 
components 
cost 

– Storage tank, piping 
assembly, flow 
control 

Storage tank, 
pressure controls 

storage tank, 
flow rate control 

PCM energy 
extraction 
schemes 

Integration, 
connection of TEG, 

Storage tank, 
pressure controls 
piping assembly, flow 
control 

O & M Cost Inverter and other 
parts 

Water flow 
structures, Inverter 
and other parts 

Air compressor, 
Inverter and other 
parts 

Flow system, 
Inverter and 
other parts 

PCM energy 
cycles, Inverter 
and other parts 

Inverter and other 
parts 

System parameter 
and other parts 

BOS cost of 
power scaling 

Inverters Inverters, auxiliary 
heaters 

Inverters, 
compressed air 
chambers 

Inverters, 
Auxiliary 
equipment 

Inverters,Heat 
extractors 

Inverters,TEG 
interconnections 

Inverters, Auxiliary 
heaters, Pumps, 
extractors 

BOS cost of 
area-scaling 

Racking, wiring, 
labor 

Racking, integration, 
cabling, labor 

Racking, 
integration, 
cabling, labor 

Racking, 
Integration, 
cabling, labor 

Racking, cabling, 
integration, labor 

Racking, wiring, 
integration, labor 

Racking, integration, 
wiring, labor  
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Appendix A 

Table A1 
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