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Abstract - Current research trend is going on
the hybrid systems to enhance the amount of
power generation from a single source. The same
idea is implemented in the Photo- voltaic/Thermal
(PVIT) systems, where the light energy utilized by
the PV system to convert it into electrical energy
while the heat energy is the source for all the
PV/T system configurations. So a simple analysis
to predict the module temperature for dif- ferent
climatic conditions is required. The module
temperature depends on the climatic conditions
such as solar irradiation, ambient temperature and
wind velocity. These pa- rameters continuously
vary non-linearly with respect to time. In this
work, used the real time climatic data measured at
Nagpur location for the duration of 15 days and
proposes a novel approach to find the module
temperature by using the Adaptive Neuro Fuzzy
Interface System (ANFIS) tool in
MATLAB/SIMULINK.

This work majorly concentrates on the
Thermoelectric Generator (TEG) integrated with
the PV systems and is referred as the PV-TEG.
First the simulation for the indi- vidual systems of
commercially available PV and TEG systems are
made and they are combined to make PV-TEG
configuration. This approach is helpful for the
commer- cialization of the PV-TEG configuration
in effective way. The individual and combined
performance of PV-TEG is analyzed with the overall
efficiency of the system. The over- all efficiency of
PV system is increased by integrating the TEG is
6% at Standard TestConditions (STC).

Key Words: PV-TEG, Thermoelectric generator,
Energy conservation, Seebeck effect

1.INTRODUCTION

The development of any nation depends on the per
capita power consumption of the nation. Power is one of
the major parameter for the nation’s growth. In recent

years, all the sectors (industrial, commercial, public)
have increased their utilization of electric power due to
the technological advancements in the automation
industry. The amount of energy generated by the
renewable energy sources gain more attention from all
the sectors due to its advantages such as clean-green
energy, no mechanical rotation parts and an abundant
amount of input energy (Singh 2013). In developing
countries like India still 17% of rural population do not
have access to the electric power. The real time scenario
related to the renewable power generation is the
motivation to carry out the present research work.

1.2 Energy

The definition of energy in physics terminology is “The
property of matter and radiation which is manifest as a
capacity to perform work (such as causing motion or the

interaction of molecules)”.In other words, ”Energy is the
capacity for doing work. It may exist in various forms
such as potential, kinetic, thermal, electrical, chemical,
nuclear, or other forms. In the energy process heat
transfer from one body to another. After it has been
transferred, energy is always designated according to its
nature. Hence, heat transferred may become thermal
energy, while work done may manifest itself in the form
of mechanical energy”.The Laws of thermodynamics
defines the basic behaviour of energy, temperature and
entropy. The four laws of thermodynamics clearly
describe the characterization of the energy quantities
with respect to various circumstances.

The Zeroth Law of Thermodynamics states that ”If two
thermodynamic systems are each in thermal equilibrium
with a third, then they are in thermal equilibrium with
each other”. This law defines the concept of temperature.

The First Law of Thermodynamics is also known as
Law of conservation of energy and it states that ”Energy
can neither be created nor destroyed; energy can only be

transferred or changed from one form to another”.
i.e.,When energy passes as work, as heat, or with matter,
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in or out from a system, the system’s internal energy
changes in accord with the law of conservation of
energy.

Second law of thermodynamics indicated the
irreversibility of natural processes and states that “The
entropy of an isolated system not in equilibrium will
tend to increase over time, approaching a maximum
value at equilibrium”. In simple words, the entropy of
the universe (the ultimate isolated system) only
increases and never decreases. Third law of
thermodynamics states that ”As temperature approaches
absolute zero, the entropy of a system approaches a
constant minimum”. This law defines the concept of
entropy. The above mentioned four laws convey the
concept of energy behaviour and the nature of
temperature process. These laws help in the performance
analysis with respect to solar energy studies.

2. Economic Analysis Of Pv-Teg Configuration

2.1. Introduction to Economics

This section gives a clear view of economic aspects of
PV/T configurations. The eco- nomic aspects are the
major concern for commercialization of any system. The
cost of any system is the sum of material cost,
production cost, operation and maintenance cost (O and
M), interest and depreciation cost. Some of the patented
design works came out as a commercialized product in
PV/T configurations but many configurations are not yet
released by any manufacturer due to the economic
validations. In this work, the Levelized Cost of Energy
(LCOE) for different PV/T configurations are
considered, due to lack of data availability in the
investment and O and M costs of PV/T configurations.

The economics in each PV/T configuration is the sum of
cost incurred with PV, thermal extraction medium and
its configuration designs. The PV system is the major
source for generation of electrical energy and the
thermal designs supports the PV to enhance its overall
efficiency. In major literature works, the economics
assessment has been performed for the PV/T
configurations by making the sum of assumptions
present in the standalone PV systems and the solar
thermal system. In this work, the overall cost of PV/T
configuration is considered which is the sum of PV cost
and the additional thermal extraction cost influenced on
the investment, operational and maintenance expenses
are clearly specified in the following sub sections.

In this analysis uniform 5kW electrical capacity of all
PVIT configurations are con- sidered. The different
PVIT configurations have the difference in costs
influencing parameters such as front layer cost, back
layer cost, extra components cost, Balance of System
(BOS) power, BOS area costs and additional

components cost. These cost pa- rameters influence the
module cost and installation cost of the system. The
energy yield and efficiency of the system is sum of
electrical and thermal energy extracted/utilized by the
PV/T configurations and it influences the LCOE of the
system.

The front layer cost includes cost of glass covers on PV
surface and it is measured in $/m2. The cell cost is
influenced by the type of PV cell i.e.,(PV wafer cost)
used in the system which is measured in $/m2 . This cost
varies for different silicon wafers. The back layer cost
includes the cost of polymer or polymer glass used in
the PV mod- ule. The Non-cell module cost includes the
cost of encapsulation, cell interconnection, junction box,
leads, connectors, nameplate, frame, and its testing and
it is measured in $/m2. The extra component cost for PV
is zero and for the PV/T systems it varies according to
the design configuration and it is measured in $/m2. The
O and M cost includes the cost of troubleshooting,
repairs, and cleaning considered per year and it is
measured in $/kW/m2. The BOS cost, power-scaling
includes the cost of inverters and electrical components
regardless of physical size and it is measured in $/W.
The BOS cost, area-scaling includes the cost of racking,
wiring, and installation labour and it is measured in
$/m2. The performance of the system analysed with
respect to the energy yield and its efficiency. The
electrical efficiency of the system is measured at the
STC conditions are taken into account and the thermal
efficiency varies with respect to the time. The overall
efficiency is the sum of electrical and thermal
efficiencies per annum and it is expressed in (%). The
energy yield in PV/T is the sum of electrical and thermal
system. The electrical yield calculated as per the data
sheet and its annual degradation. The thermal energy is
measured in Btu/hr and it is converted into respective
units of kW. The total energy yield of PV/T system is
the sum of electrical and thermal energy yields and it is
measured in KWh/KW .

In this analysis uniform 5kW electrical capacity of all
PVIT configurations are con- sidered. The different
PVIT configurations have the difference in costs
influencing parameters such as front layer cost, back
layer cost, extra components cost, Balance of System
(BOS) power, BOS area costs and additional
components cost. These cost pa- rameters influence the
module cost and installation cost of the system. The
energy yield and efficiency of the system is sum of
electrical and thermal energy extracted/utilized by the
PVIT configurations and it influences the LCOE of the
system

The front layer cost includes cost of glass covers on PV
surface and it is measured in $/m2. The cell cost is
influenced by the type of PV cell i.e.,(PV wafer cost)
used in the system which is measured in $/m2 . This cost
varies for different silicon wafers. The back layer cost
includes the cost of polymer or polymer glass used in
the PV mod- ule. The Non-cell module cost includes the
cost of encapsulation, cell interconnection, junction box,
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leads, connectors, nameplate, frame, and its testing and
it is measured in $/m2. The extra component cost for PV
is zero and for the PV/T systems it varies according to
the design configuration and it is measured in $/m2. The
O and M cost includes the cost of troubleshooting,
repairs, and cleaning considered per year and it is
measured in $/kW/m2. The BOS cost, power-scaling
includes the cost of inverters and electrical components
regardless of physical size and it is measured in $/W.
The BOS cost, area-scaling includes the cost of racking,
wiring, and installation labor and it is measured in $/m2.
The performance of the system analyzed with respect to
the energy vyield and its efficiency. The electrical
efficiency of the system is measured at the STC
conditions are taken into account and the thermal
efficiency varies with respect to the time. The overall
efficiency is the sum of electrical and thermal
efficiencies per annum and it is expressed in (%). The
energy vyield in PV/T is the sum of electrical and thermal
system. The electrical yield calculated as per the data
sheet and its annual degradation. The thermal energy is
measured in Btu/hr and it is converted into respective
units of kW. The total energy yield of PV/T system is
the sum of electrical and thermal energy yields and it is
measured in KWh/kW .

The PV system is considered for all PV/T configurations
are multi crystalline silicon PV cell with a glass-polymer
back sheet package installed in roof top having a fixed
tilt. The cell technology influences the cell cost,
efficiency, energy yield, degradation rate and Balance of
System (BOS). In the present work, a multi crystalline
silicon PV cell is used and it has the efficiency of 18%
with a 0.4% depreciation rate. The different PV/T
configurations depreciation rate varies with respect to its
constructional design configuration.

The initial cost of the project is applied at the time of
starting so the discount rate should not apply for life
time. In this analysis, LCOE is considered for a 5kW PV

Economic parameters Value
Investment cost 3000 $/kW
Life time 25 years
Discount rate 5%
Operational cost 10 $/kW/year
Maintenance cost 10 $/kW/year
Depreciation rate 0.4%/year

Table 2.1 Economic aspects of PV
system

system having the mean capital, O and M
costs taken from the National Renewable
Energy Laboratory (NREL) database (LCOE
2018) as shown in Table 2.1 .

The module cost is the sum of all the module
components and 15% marginal profit to the
manufacturer (shown by 2.2).

2.2. Liquid type PV/T configuration

One of the liquid PV/T configuration is shown in Fig.
2.1 (Jin et al. 2017). The investment and O and M
cost of liquid PV/T configuration is more than the
standalone PV system. This liquid PV/T
configuration shown is for a single module system.
For a large system like 5kW it requires a bulk water
tank, control valves and piping system. So the
investment cost increases by 1000 $/kW power
generation and operational cost increases by 7
$/kW/year due to control operations. The
maintenance cost is increases by 7 $/kW/year due to
rusting and damaging of piping and control valve
structures. The overall cost of the system increases
by 30 to 40% of investment than the standalone PV
system. The depreciation rate of liquid PV/T
configuration is increased by 0.1% due to it water
flow and life of flow structures. The amount of
energy extracted from the liquid type PV/T
configuration is increased by 20 to 40% depending
on the coolant, flow rate and effective maintenance.

The cost of the liquid type configurations varies
depending on its configuration type such as active
Ipassive. The active systems cost 0.1% higher than

Visible
Near-Infrared

Pipe

uv

Insulated Cotton

Water Pump \__/ ?

= Water Tank
Fig. 2.1 Active type Liquid PV/T Configuration

the passive systems because of its forced pumping
add-ons. The passive configurations works with the

Flow Channel

thermosyphon. principle to flow the coolant from
tank. This type configurations needs more attention
while designing for a particular location. The tilt
angle, average temperature and flow pipe diameter,
Table 2.2 Assumptions in Economic aspects of liquid
type PV/T configurations
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varies for different locations. The electrical and
thermal energy gain leads to increase in the total
useful energy by 15% of standalone PV system.

2.3. Air type PV/T configuration

In air type PV/T configuration, active method is the
only suitable method to extract the heat from the
module. But in the active air there are two types of
configurations which are more popular

1. Single pass Air PV/T Configuration

2. Dual pass Air PV/T Configuration
The Figure 2.2 (Aste et al. 2008) shows the active
single pass system. The cost of single pass and dual
pass varies very slightly in the aspects of investment,

2.4. Nano fluid based PV/T configuration

The Nano fluid based PV/T configuration is the
advanced method in extracting the heat from the module.
In this configuration Nano fluids such as Al203, CuO,
Graphite, Carbon nanotube(CNT), TiO2 and Cu are
mixed with the base fluids such as water, oil, and
acetone are used to flow by means of external force in
the system which is shown in Fig. 2.3 (Mahian et al.
2014). The cost of Nano fluids depends upon the particle
size and fraction of mix of particles. So the investment
cost of this configuration is higher than the liquid and air
type configurations. But the amount of energy extraction
by using Nano fluid is 10% higher than the liquid/ air
type configurations because of the

and O and M depends upon the storage. In the single Economic Parameters Value
pass or dual pass, one blower is needed to force the Active Passive
air in side PV layers. In a single pass the hot air is
collected at another end by a reservoir but in the dual Investment cost 4400$/kKW 4000$/kW
pass the air gets IN in one layer and comes OUT in
another layer. So the designs are made to collect the Life time 25 years 25 years
hot air in the same end. The investment cost of the i
system increases by 0.1% due to the air compression Discount rate 5% 5%
storage. This cost is excluded in the case of non- .
storage configurations. The life span of this Operational cost 18%/kWiyear | 17$/kW/year
conflguratltzn is higher than the liquid type system. Maintenance cost 18$/kWiyear | 17$/kWiyear

< = Solar Collector Depreciation rate 0.5%/year 0.5%lyear

v »r—
' Energy gain 18% 15%
! Table 2.2
NG
R Vaie B"m Table 2.3 Assumptions in Economic Aspects of Air
i (@—*—“— type
222 r Pump
2 - Economic M
Parameters Active Passive
e IR Investment cost 4400$/kW | 4000$/kwW
anoliuic an

The degrgdation rate is also same as the P\_/ b_ecause Life time 30 years 30 years
it doesnt impact on any physical parts like liquid type.
The maintenance cost is high for the storage based Discount rate 504 5%
configurations than the non-storage configurations.

The air type PV/T configuration is mainly used for Operational cost 158/kWiyear| 15§/kWlyear
the _hot air applicat.ions such as space heat?ng, agriculture Maintenance cost 15$/KW/year| 15$/KW/year
drying. In some air type configurations like space heat-
ing, it needs the hot air storage and some configurations Depreciation rate 0.4%]year | 0.4%/year
doesnt need any storage like agriculture drying. The cost
varies with respect to the hot air storage. The Energy gain 22% 18%
assumptions considered in economic aspects of air type
PVIT configurations are shown in Table 5.4.
© 2024, ISJEM (All Rights Reserved) | www.isjem.com | Page 4
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Table 2.4 Assumptions in Economic Aspects of Nano
Fluid based PV/T Configuration

Economic Parameters Value
Investment cost 3300$/kW
Life time 30 years
Discount rate 5%
Operational cost 11$/kW/year
Maintenance cost 11$/kW/year
Depreciation rate 0.4%/year
Energy gain 15%

Nano fluid properties. The Operation and maintenance
of the Nano fluid configuration is same as the storage
based air type PV/T. The life time of this system
depends on the degradation of Nano fluid properties.

The Nano Fluid based PV/T configurations are
suitable for the thermal applications to enhance the
quality of heat extraction than the liquid and air type
configurations. In recent years the Nano fluids plays a
vital role in the applications of solar stills and fuel
cells.The assumptions considered in economic aspects of
Nano fluid based PV/T configuration.

2.5. PCM based PV/T configuration

The PCM based PV/IT configuration uses the Phase
Change Materials to store the ther- mal energy. There
are two types of PCM which are available in the
market they are or- ganic and inorganic. In the recent
years organic based PCM such as Rubitherm RT20,
RT21, RT25, RT27, RT31, RT35, RT42, RT44,
RT60, RT10HC, RT18HC. RT25HC,

RT35HC , SP220A, Walksol A, and Calcium chloride
hexahydrate are used. The in- vestment cost of PCM
based PV/T configuration is high because of the closed
loop control design of PCM flow, storage structures and
safety measures. The operational cost is same as the PV
system but the Maintenance cost increases due to the
constant requirement of replacement of PCM, and
regular inspection of the system flow. The life time of
the PCM based PV/T is high as there is no dynamic
operations in the system. One of the PCM based PV/T
configuration is shown Fig. 5.4 (Hasan et al. 2015).

Table 2.6 Assumptions in Economic Aspects of PCM
based PV/T Configuration

Economic Parameters Value
Investment cost 4500$/kW
Life time 25 years
Discount rate 5%
Operational cost 15$/kW/year
Maintenance cost 15$/kW/year
Depreciation rate 0.4%lyear
Energy gain 20%

Table 2..7 Assumptions in Economic Aspects of TEG
based PV/T Configuration

Economic Parameters | Value
Investment cost 4500$/kW
Life time 25 years
Discount rate 5%
Operational cost 12$/kW/year
Maintenance cost 16$/kW/year
Depreciation rate 0.5%/year
Energy gain 12%

2.6. TEG based PV/T configuration (PV-TEG)

The TEG integrated PV is most simple configuration
than all other configurations listed above because it
doesnt have any dynamic controls and complex
closed loop systems. All the energy conversion
process are basic principles of photon and heat
conversion without any external forces. The
additional investment cost for this configuration is
the one incurred by Thermoelectric Generators.
There is no need of any additional operational and
maintenance cost for TEG. The life time of TEG is
about 30 years and the degradation rate is low.

The flat plate PV-TEG configuration has more
feasibility for the roof top power gen- eration
applications than the PCM, Nano Fluid based PV/T
systems. The assumptions considered in economic
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aspects of TEG based PV/T configurations is shown
in Table 2.7

3. Conclusion

In the proposed work, PV module temperature is
estimated with the Adaptive Neuro Fuzzy Interface
System. The results shows that, climatic data input
fed prediction is more suitable for the module
temperature estimation rather than the photovoltaic
out- put data. The simulations are run for the two
different time periods. For two months data training,
the minimum RMSE for the proposed ANFIS model
is 1.719939 which is 45.61% less error than the
existing ANFIS model. For one year data training,
the minimum RMSE for the proposed ANFIS model
is 2.747 which is 15.09% lesser than the existing
ANFIS model. In this work, done the mathematical
simulation of commer- cially available PV and TEG
modules. The higlighted results with respect to
change of irradiation and ambient temperature. The
change in irradiance directly impacts the amount of
power generated by TEG and it is around 5% of its
rating. TEG contributes around 2 to 7% increase in
power generated when the ambient temperature
changes from 100C to 500C, with a constant
irradiance of 1000W/m2. The total power gen- erated
by the PV-TEG configuration is compared with
standalone PV system and it is found that there is
increase in 8.3% of generated power at the STC
conditions.The Multi crystalline fed PV-TEG
configuration produces additional energy of 1.3%
with an ef- ficiency of 24% as compared with other
crystalline PV systems. The electrical output of PV-
TEG configuration for a real time climatic data
(measured for 15 days) is 7.68% highter than the
standalone PV system.

In the view of commercialization, considered the
economic analysis of PV/T con- figurations by using
the standard calculating tool Levelized cost of energy
(LCOE). In this economic analysis, 5 popular PV/T
configurations are considered which are i) Liquid
type PVIT, ii) Air type PV/T, iii) Nano fluid based
PVIT, iv) PCM based PV/T, and v) TEG based PV/T
(PV-TEG). The LCOE of proposed PV-TEG
configuration is 8.71% higher than the standalone PV
system and it is the least LCOE as compared with
other PV/T system configurations. The LCOE of the
all PTS configurations in- creases from 8.7% to 90%
as compared to standalone PV system.The module
cost per watt power generation for the proposed PV-
TEG is 0.55% higher than the standalone

PV system.The energy gain by the PTS
configurations is 10% to 50% as compared to
standalone PV system. These metric shows the cost
per unit generation is increases by 3% to 12% for the
PV/T configurations.
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