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Abstract 
The thermal performance of a flat plate solar air heater coupled with thermoelectric generators has been studied. A model of the 

collector was designed and simulations using SCILAB software were carried out to assess its performance. The design was carried 

out by analyzing the various heat and mass transfer processes which occurred in the components of the air heating system. The 

analysis resulted in the formulation of mathematical expressions that modeled the conversion of solar energy from the sun into 

thermal energy absorbed by the air flowing through the collector. The temperatures of the various components of the collector were 

determined using the finite forward difference discretization method. The cumulative energy generated by the heat source was 87 MJ 

while the energy gained by the heated exit air amounted to 37 MJ, bringing about a system thermal efficiency of 42%. The electrical 

efficiency of the model was 8.3%. 
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1.0 INTRODUCTION 

The number of people living on the surface of the 

earth is on a steady increase with each turn of the year. 

The growth of world population together with rising 

material needs has escalated the rate of energy usage. 

Rapid increase in energy usage characteristic of the past 

50-100 years cannot continue indefinitely as finite energy 

resources of the earth are exhaustible [1]. Simply put, the 

world is running out of energy from oil, coal, gas etc. to 

cater for the needs of the huge earth population. Meeting 

the ever-increasing demand of energy without degrading 

the environment has always been a concern of the 

scientific community [2]. There is therefore the need to 

explore the renewable energy sources to meet the energy 

demand in the present context [3]. Among all the 

renewable energy sources, solar energy has emerged as 

one of the most promising renewable energy resources, 

since it is abundant, freely available, and it has commercial 

potential too. It is widely known that solar energy is the 

one most abundant renewable energy source and emits  
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energy at a rate of 3.8ˣ1023 kW. Out of this amount, 

1.8ˣ1024 kW is absorbed by the earth [4]. This amount of 

energy is so vast that the entire world can comfortably tap 

into it and still have enough to spare. However, due to 

relative slowness in the creation and adoption of solar 

energy harnessing technologies, this energy source is still 

underutilized. Conversion of solar energy into thermal 

energy is the easiest and the most widely accepted method. 

This is done using absorbers of collectors. In most 

collectors, the designs are made with the view of 

generating more heat through the respective working fluids 

flowing over the absorbers when the absorbers trap 

incident radiation from the sun.  

Research has shown that the heat energy from 

some of these collectors is large enough to be used for 

electricity generation [5-7]. These works demonstrate that 

there are real prospects in generating electricity for micro 

power applications from the heat energy absorbed in the 

collector. This is made possible through the principle of 

thermoelectricity, the direct conversion of temperature 

gradient to electrical potential difference.  

A flat plate solar air collector primarily consists of  

a cover glass, an absorber plate, insulation, and space 

through which air flows. The cover glass protects the 

absorber from dust and scratches while trapping radiation 
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from the sun within the collector. The absorber plate is the 

component that absorbs the radiation from the sun. It is 

made of a material that has high absorptivity. It is also 

important to reduce heat losses in the collector especially 

from the absorber plate, which is the component that 

transfers heat to the fluid medium flowing through the 

collector. Heat can be lost through conduction, radiation 

and convection. Some good thermal insulators which could 

be used in collectors are the glass wool with a low thermal 

conductivity of 0.045W/mK, polyurethane rigid foam 

(0.0245W/mK), foam rubber (0.05 W/mK) etc. [8].  

The absorber (heat exchanger) may have 

embedded or bonded tubes for heat exchange to water or 

air. It may also have plates, fins or be a porous mat for 

heat exchange to air. On exposure to sun’s radiation, 

absorbers of flat plate collector get heated up to 

temperatures between 70oC to 90oC [9]. Although this 

temperature range appears to be low, specially designed 

thermoelectric systems have no difficulty generating useful 

electricity (for low power applications) within this 

temperature range. All that is needed is to couple TEGs to 

the hot side of the absorber (heat source) and allow for a 

cold side (heat sink) to provide for a temperature 

difference. In this setting, the TEGs would utilize the 

difference in the temperatures between the two dissimilar 

materials of the heat source and heat sink to generate 

electricity. Thus, the use of TEGs provides quite several 

opportunities for electric power generation as they have 

been specially designed to operate with even very small 

heat sources. Research by Snyder has shown that they can 

be miniaturized to even harvest the heat from the human 

body, in order to power wearable gadgets like wristwatch 

[10]. 

There have been previous studies on generation of 

heat from solar air collectors and thermoelectric 

generators. Neville [11] proposed that instead of making 

use of pipes as the channel through which air is circulated 

to absorb heat and transport it to the point of use, one can 

conveniently use a metal sheet. In this way fluid can flow 

over unrestricted on the heated metal sheet. This idea 

supports the use of sheet flat plate air collectors to 

effectively collect heat instead of the traditional scenario 

where flat plate collectors use tubes or cans for heat 

collection. This method reduces the complexities involved 

in using tubes as absorber surfaces. Enibe [12], stated that 

the airflow rate through the absorber plate is determined 

by balancing the buoyancy head resulting from thermally 

induced density differences and the friction head due to 

viscous flow resistances. The balancing of buoyancy head 

was done by taking the pressure change in the horizontal 

direction to be negligible. Saxena et al [13] conducted a 

thermodynamic review of solar air heaters. They pointed 

out that allowing a flow of the air above the absorber 

increases the convection losses from the glazing. To 

decrease these losses, they advised that selective coating 

should be applied to improve the solar air heater 

efficiency. Eze and Ojike [14] worked on a passive solar 

water heater and observed that the peak temperature rise of 

the heated water was about 83oC, while the maximum 

daily average useful efficiency was about 42%. They 

concluded that the system can be operated successfully for 

agro-industries and home applications. Indrajit et al [15] 

reported the results of experimental studies on two non-

porous solar absorber air heaters with and without fins and 

found that air heaters with fins are more efficient in 

comparison to the air heater without fins for air flow rates 

 0.0388kg/s. Singh and Bansal [16] fabricated a solar air 

heater using broken glass pieces as absorber surface. He 

reported that the efficiency of the collector continues to 

increase as air mass flow rate increased. Thermoelectricity 

is the direct conversion of temperature gradient to 

electrical potential difference primarily through the 

Seebeck effect. Devices that used the principle of 

thermoelectricity are called Thermoelectric Generators, 

TEGS. Bjork et al [17], argued for the performance of a 

TEG to be estimated using numerical modeling before 

actual physical modules are constructed. This allows for 

the development of new and better thermoelectric 

generators in a cost-effective manner, as well as for 

designing and optimizing modules to achieve the highest 

possible efficiency.  Mgbemene et al [6] explored the 

concept of a compound parabolic concentrator with a 

thermoelectric module to produce electricity from the sun. 

The work mathematically modeled the system with the 

development of equations of heat and electric power 

transfer within the system. A simple prototype was built 

and the measurements and tests that were conducted were 

appropriately in line with the model predictions and 

established the proof-of-concept. Biswas et al [18] stated 

that the typical efficiency of TEGS was around 5-8%. 

Older devices used bimetallic junctions and were bulky. 

More recent devices use highly doped semiconductors 

made from Bismuth Telluride Bi2Te3, Lead Telluride 

Pb2Te3, Calcium Manganese Oxide CaMnO, or 

combinations thereof, depending on the temperature. 

Snyder [10] presented a one-dimensional model of a TEG 

where there were no heat losses and recorded an efficiency 

of 9%. Rowe [19] reported that thermal efficiency is an 

important parameter and provides valuable information for 

designing systems. The TEG used in the work is a model 

TEC1-12706 Bismuth Telluride device with a physical 

size of (40ˣ40ˣ3.5) mm. The device has 127 couples. In the 

experiment, the load resistance was 0.488 Ohms, and the 

applied voltage was varied from 12, 14, 16, 18, 20 and 22 
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volts. The lowest temperature difference tested was 20.6oC 

corresponding to a heater voltage of 12 Volts and the 

highest temperature difference tested was 68.1oC 

corresponding to a heater voltage of 22 Volts. The highest 

temperature difference produced the highest power output. 

The efficiency of the device throughout the test was 

determined. The efficiency increases with increasing 

change in temperature and with the highest temperature 

change evaluated at 68.1oC, the maximum efficiency was 

2.22%. The maximum power generated with this singular 

TEG, at 68.1oC, was 1.17 Watts. Amatya et al [7] showed 

that running a solar thermoelectric generator using cheap 

concentrators with high Figure of Merit, ZT, modules can 

be a cost-effective alternative to solar photovoltaics for 

micro-power generation.  

They presented a thermodynamic analysis for 

predicting the thermal-to-electrical conversion efficiency 

for the generator. They found out that with novel 

thermoelectric materials which had high material ZT, a 

system efficiency of 5.6% can be achieved. However 

experimentally they got an efficiency of 3% with a 

commercial Bismuth Telluride, Bi2Te3, module, which to 

the best of their knowledge at the time of research, was the 

highest efficiency for solar thermoelectric using a module.  

From the works already listed, it can be inferred 

that heat and electricity can be individually generated from 

solar energy using solar collectors. However, what has not 

been done (to the best of the knowledge of the authors) is 

combining the simultaneous generation of heat and 

electricity from one flat plate collector system. This 

coupling is a novelle idea as it saves time and both 

financial and material resources in the production of one 

collector that serves two purposes. This gives rise to the 

motivation of this research, which is to study the feasibility 

of generating both heat and electricity through the 

coupling of flat plate air heater with Thermoelectric 

Generators, TEGs.  
  

2.0 METHODOLOGY 

In Fig. 1, IT is the insolation from the sun, Qloss is 

the heat loss from the glass to the sky by convection and 

radiation, Qh is the rate of heat energy absorbed in the 

absorber plate (heat source of thermoelectric generators, 

TEGs),  Qc is the rate of heat energy dissipated at the heat 

sink of the TEGs, Tint is the effective temperature of the air 

at the opening between the two absorber plate segments, 

Texit is the effective temperature of the heated air leaving 

the collector,   is the tilt angle of the collector, L1 and L2 

are the lengths of the first and second glass segments 

respectively, inm  and outm  are the inlet and outlet air 

mass flow rates flowing through the collector. 

 

 
Figure 1: A Schematic diagram of the solar collector. 
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2.1 Configuaration(Diagram) of the system 

The diagram presented in  Fig. 1 is the schematic 

diagram of the solar collector. 

 

2.1.1 Assumptions made for the collector system 

Thefollowing assumptions are made for the 

collector system 

1. The system is in transient state 

2. There is no heat generation within the system  

3. The air has constant density  

4. There is no shaft work in the fluid   

5. One dimensional flow in x-direction, Vy = 0.  

6. Viscosity of the air is negligible 

7. Negligible friction heating  

 

2.1.2 Physical description of the flat plate air heater 

collector-TEG system 

The Flat Plate (Solar Air Heater) collector design 

as shown in Fig. 1, is made up of a single glass cover, two 

absorber plate segments which are coated with selective 

surfaces having high absorptivity for radiant energy, a 

bank of thermoelectric generators, (TEGs) connected in a 

combined series (electrically) and parallel (thermally) 

arrangement and a channel of rectangular cross-section for 

the inlet air.  

 

2.1.3 Operating principle of the conjugate TEG flat 

plate air collector 

After the solar collector has been exposed to 

irradiation, and as the radiant energy from the sun heats up 

the second segment of the absorber surface, the air just 

above the second absorber segment gets heated up. 

Through the principle of bouyancy of forces, this mass of 

heated air rises along the inclined surface of the solar 

collector to get to the exit, thus creating a pressure 

difference that can only be balanced when a denser fluid, 

in this case a mass of air (of lower temperature) takes its 

original space. This cold mass of air is supplied (as a 

results of the bouyancy forces generated because of 

density differences between two fluids at different 

temperatures [6]), through a rectangular inlet at a rate, inm

. As the cold air enters the collector, it, first of all, cools 

the cold side of the TEG banks and gets slightly heated up 

in the process. It then flows through opening between the 

absorber plate segments. On entering the space above the 

second absorber plate segment, it continues to rise along 

the absorber plate because of its decreasing density, at a 

rate, outm , to the exit.  

After considerable heating at the surface of the 

absorber plate by the radiation from the sun, and by 

extension the top surfaces (hot side) of the TEGs (which 

were integrated into the absorber plate), a uniform hot 

temperature is reached, Th.. At the bottom of the TEGs is 

the heat sink. This space comprises the area where the cold 

mass of air enters the collector through the rectangular 

pipe at the rate, inm  and first cools the lower side of the 

TEGs.  

 

2.2 Mass balance in the flat plate collector 

The difference between the mass flow rate of the 

air flowing into the collector, inm   and the mass flow rate 

of the air exiting the collector, outm  is equal to the rate of 

air accumulation, 
dt

dmcol , in the space between the 

absorber plate and the cover glass.  

Mathematically, 

dt

dm
mm col

outin =−              (2.1) 

Assuming a steady state condition,  there is no 

accumulation of air in the system.  

0=
dt

dmcol
              (2.2) 

outin mm  =               (2.3) 

The above equation implies that the air mass flow 

rate, m  is the same at any channel cross section. 

 

2.3 Energy analysis of the flat plate collector 

The energy analysis of the solar collector is carried 

out taking one component at a time and analysing each one 

separately. 

 

2.4 Heat transfer in the cover glass segments 

 The net rate of energy accumulation in the glazing 

is equal to the difference between the rate of energy 

striking the surface of the cover glass and the rate of 

energy leaving the surface. For purposes of clarity, the 

cover glass is defined by two equations which describe the 

heat flows in segments 1 and 2 of the glass cover.  

 

 

The energy equation for the glass cover of the first 

segment, g1 is given as follows: 

 

 

𝑚𝑔1𝑐𝑝𝑔

𝑑𝑇𝑔1

𝑑𝑡
= 𝛼𝑔𝐴𝑔1𝐼𝑇 − ℎ𝑐,𝑔1−𝑎𝑚𝑏𝐴𝑔1(𝑇𝑔1 − 𝑇𝑎𝑚𝑏)

− ℎ𝑟,𝑔1−𝑠𝑘𝑦𝐴𝑔1(𝑇𝑔1 − 𝑇𝑠𝑘𝑦)

+ ℎ𝑟,𝑎𝑏𝑠1−𝑔1𝐴𝑔1(𝑇𝑎𝑏𝑠1 − 𝑇𝑔1)

+ ℎ𝑐,𝑎𝑏𝑠1−𝑔1𝐴𝑔1(𝑇𝑎𝑏𝑠1 − 𝑇𝑔1)           (2.4)
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The energy equation for the glass cover of the second 

segment, g2 is given as follows: 

 

𝑚𝑔2𝑐𝑝𝑔

𝑑𝑇𝑔2

𝑑𝑡
= 𝛼𝑔𝐴𝑔2𝐼𝑇 − ℎ𝑐,𝑔2−𝑎𝑚𝑏𝐴𝑔2(𝑇𝑔2 − 𝑇𝑎𝑚𝑏)

− ℎ𝑟,𝑔2−𝑠𝑘𝑦𝐴𝑔2(𝑇𝑔2 − 𝑇𝑠𝑘𝑦)

+ ℎ𝑐,𝑎𝑖𝑟2−𝑔2𝐴𝑔2(𝑇𝑎𝑖𝑟2 − 𝑇𝑔2)

+ ℎ𝑟,𝑎𝑏𝑠2−𝑔2𝐴𝑔2(𝑇𝑎𝑏𝑠2 − 𝑇𝑔2)          (2.5) 

 

where  mg 1, mg2 =  the masses of the glass segments 1 and 

2 (kg) 

cpg  =  the specific heat capacity of the glass (J/kg.K) 

g   =  the absorptivity of the glass  

Ag,1 , Ag,2  =  the surface areas of the glass segments 1 and 

2 (m2) 

I T    =  the prevailing solar radiation intensity (W/m2) 

hc,g-amb = the convection heat transfer coefficient from the 

glass to the ambient (W/m2K) 

hr,g-sky      =  the radiation heat transfer coefficient from the 

glass to the sky (W/m2K) 

hr,abs-g   =  the radiation heat transfer coefficient from the 

absorber to the glass (W/m2K) 

hc,air-g    =  the convection heat transfer coefficient from the 

air to the glass (W/m2K) 

Tg,1 , Tg,2, Tamb,,Tabs1,Tabs1,Tair2,Tsky = the temperatures of the 

glass segments 1 and 2, the ambient air above the glass, 

the absorber segments 1 and 2, the air flowing over the 

absorber segment 2, and the sky, respectively. 

 

 

 

The radiation heat transfer coefficient from the glass to the 

ambient is given by [20] 

 

ambg

skygskygskygg

skygr
TT

TTTTTT
h

−

−++
=−

))()((
22

,


    (2.6a) 

 

where the sky temperature, Ts (K), is given by [21] 

 

( )5.1
0553.0 as TT =                       (2.6b) 

 

and Ta (K) is the temperature of the ambient. 

The radiation heat transfer coefficient from the absorber to 

the glass is given by [22] 

( )
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gabsgabs

gabsr
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h











−
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−

++
=− 111

))((

,

22

,         (2.7a) 

 

where   is the Stephan Boltzmann constant and 

abs, g are the characteristic emissivities of the absorber 

surfaces and the glass respectively and Fabs,g is the view 

factor of radiation from the absorber surface to the glass. 

A further simplification to equation 2.7a can be written as 

Fabs,g = 1 and Aabs = Ag. Thus 

 

 

g

g

abs

abs

gabsgabs

gabsr

TTTT
h











−
+

−

++
=− 11

))((
22

,         (2.7b) 

 

Free or natural convection heat transfer data are 

usually correlated in terms of two or three dimensionless 

parameters: the Nusselt number, Nu, the Raleigh number, 

Ra, and the Prandtl number, Pr, with the Nusselt, Rayleigh 

and Prandtl numbers expressed in [8] as 

 

k

hL
Nu =                        (2.8a) 

2

3



 TLg
Ra


=                        (2.8b) 




=Pr                                       (2.8c) 

 

where  

h = convective heat transfer coefficient [W/m2K] 

L = plate spacing [m] 

k = thermal conductivity of the air between the glass and 

the absorber plate [W/mK] 

g = gravitational constant [m/s2] 

 = volumetric coefficient of expansion of the air (for an 

ideal gas,  = 1/T)[1/K] 

T = temperature difference between the absorber plate 

and the glass [K] 

 = kinematic diffusivity of the air [m2/s] 

 = thermal diffusivity of the air [m2/s] 

 

The coefficient of convective heat transfer 

between the absorber plate and the glass, hc,abs1-g1 may be 

obtained using the Hollands et al [8] relationship which 

relates the Nusselt number and Rayleigh number for tilt 

angles, , from 0 to 750. It is expressed as 
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𝑁𝑢 = 1 + 1.44 [1 −
1708(𝑠𝑖𝑛1.8𝜃)1.6

𝑅𝑎𝑐𝑜𝑠𝜃
] [1 −

1708

𝑅𝑎𝑐𝑜𝑠𝜃
]

+

+ [(
𝑅𝑎𝑐𝑜𝑠𝜃

5830
)

1/3

− 1]

+

                                (2.9) 

where the + superscript implies that only positive 

values of the terms in the square brackets are to be used 

(i.e. use zero if the term is negative).  

The convection heat transfer coefficients from the 

glass to the ambient, hc,g1-amb can be obtained using the 

McAdams correlation and is expressed in [8] as 

 

Vh 8.37.5 +=                        (2.10) 

 

where V is the wind speed in m/s. 

 

2.5 Heat transfer mechanism in the mass of air 

passing through the collector within the second 

absorber segment 

The rate of energy gain in the air passing over the 

second absorber segment with a mass flow rate,     is equal 

to the sum of the rate of heat energy absorbed by the air 

from the second absorber segment, the rate of heat energy 

from the glass to the air and the rate of energy gain by the 

air flowing between the exit and inlet points of the second 

absorber segment. This is expressed as 

 

𝑚𝑎𝑖𝑟𝑐𝑝,𝑎𝑖𝑟

𝑑𝑇𝑎𝑖𝑟2

𝑑𝑡
= ℎ𝑐,𝑎𝑏𝑠2−𝑎𝑖𝑟2𝐴𝑎𝑏𝑠2(𝑇𝑎𝑏𝑠2 − 𝑇𝑎𝑖𝑟2)

+ ℎ𝑐,𝑎𝑖𝑟2−𝑔2𝐴𝑎𝑏𝑠2(𝑇𝑔2 − 𝑇𝑔2)

+ 𝑚𝑐𝑝,𝑎𝑖𝑟(𝑇𝑖𝑛𝑡 − 𝑇𝑒𝑥𝑖𝑡)                                     (2.11𝑎) 

 

where Tint and Texit are the effective temperatures of 

the air at the opening between the two absorber plate 

segments and at the exit of the collector respectively, Aabs2 

is the area of the second absorber segment, mair is the mass 

of air flowing through the collector and cpair is the specific 

heat capacity of the air.  

Assuming that Texit is the same as Tair2 and Tint is 

the same as Tair1, equation 2.11a is expressed as 

 

𝑚𝑎𝑖𝑟𝑐𝑝,𝑎𝑖𝑟

𝑑𝑇𝑎𝑖𝑟2

𝑑𝑡
= ℎ𝑐,𝑎𝑏𝑠2−𝑎𝑖𝑟2𝐴𝑎𝑏𝑠2(𝑇𝑎𝑏𝑠2 − 𝑇𝑎𝑖𝑟2)

+ ℎ𝑐,𝑎𝑖𝑟2−𝑔2𝐴𝑎𝑏𝑠2(𝑇𝑔2 − 𝑇𝑔2)

+ 𝑚𝑐𝑝,𝑎𝑖𝑟(𝑇𝑎𝑖𝑟 − 𝑇𝑎𝑖𝑟2)                                 (2.11b) 

 

The convection heat transfer coefficient from the 

second absorber plate to the air flowing  over it hc,abs2-air2, 

can be obtained from Cengel and Ghajar, [23] using the 

expressions below: 

 

𝑁𝑢 = 0.54𝑅𝑎𝐿
1/4

                     (2.12a) 

Pr
)(

2

3

22

v

LTTg
Ra airabs −

=


                   (2.12b) 

 

Nu
L

k
h airabsc =− 22,                      (2.12c) 

 

where L is the characteristic length and is given by: 

 

P

A
L =           (2.12d) 

 

and A and P are the area and perimeter of the surface of 

the second absorber segment respectively. 

 

The convection heat transfer coefficient for the air 

flowing across the second absorber segment to the second 

glass segment, hc,air2-g2, can be obtained from the 

expressions in [23] below: 

 
3/1

15.0 LRaNu =                      (2.13a) 

 

Pr
)(

2

3

22

v

LTTg
Ra

airg −
=


                   (2.13b) 

 

Nu
L

k
h gairc =− 22,

                         (2.13c) 

 

The rate of change in the energy of the air passing 

through the inlet of the collector is the net sum of the rate 

of heat energy absorbed by this air (as a result of 

convection both from the heat sink surface without fins 

and the finned surfaces) as it flows from the inlet through 

the heat sink to the intermediate point, to become Tint 

(Tair1), and from where it would flow into the second 

absorber plate.  

 

 

𝑚𝑎𝑖𝑟𝑐𝑝,𝑎𝑖𝑟

𝑑𝑇𝑎𝑖𝑟1

𝑑𝑡
= 𝑚𝑐𝑝,𝑎𝑖𝑟(𝑇𝑎𝑚𝑏 − 𝑇𝑎𝑖𝑟1) + 𝑄𝑐

− 𝑈𝑙𝑜𝑠𝑠𝐴𝑖𝑛𝑠𝑢𝑙(𝑇𝑎𝑖𝑟1 − 𝑇𝑎𝑚𝑏)                              (2.14) 

 

where the inlet temperature to the heat sink is the 

ambient temperature, Tamb, Tair1 is the temperature of the 

inlet air that has picked up energy from the heat sink, Qc is 

the heat dissipated at the heat sink and Ainsu1 is the surface 

area of the layer of insulation used to pad the bottom of the 

enclosure housing the heat sink and is assumed to be equal 

to the area of the first absorber segment, Aabs1. Uloss, is the 
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heat loss coefficient through the insulator and is expressed 

as  

insuinsuinsu

insuinsu
loss

KhL

hK
U

+
=                    (2.14b) 

 

where Kinsu is the thermal conductivity of the 

insulation, hinsu is the convection heat transfer coefficient 

from the insulation to the ambient and Linsu is the thickness 

of the insulation. Equation 2.14b is derived from equating 

two different formula used for calculating heat flow rate, 

Q .  

The first heat flow rate is expressed in terms of the 

insulation surface area, Ainsu1, overall heat transfer 

coefficient of the insulation, Uloss, and the temperature 

difference, T, between the air on one side of the 

insulation and the ambient. Thus  

 

TUAQ lossinsu = 1
                     (2.14c) 

 

The other heat flow rate is expressed in terms of 

the temperature difference, T, between the air on one side 

of the insulation and the ambient and the effective thermal 

resistance of both the insulation and the ambient, Rth. Thus 

 

thR

T
Q


=                       (2.14d) 

 

Rth is the effective resistance from the resistances 

offered by the series arrangement of the insulation, 

(Linsu/KinsuAinsu1), and the ambient, (1/Ainsu1hinsu). 

 

2.6 Heat transfer in the absorber plates 

For the first absorber plate segment, the rate of 

change of energy in the absorber plate is equal to the net 

sum of all rates of energy absorbed in the absorber plate as 

well as lost from the plate. Mathematically it can be 

expressed as: 

 

𝑚𝑎𝑏𝑠𝑙𝑟𝑐𝑝𝑎𝑏𝑠
𝑑𝑇𝑎𝑏𝑠1

𝑑𝑡
= 𝜏𝑔𝛼𝑎𝑏𝑠1𝐴𝑎𝑏𝑠1𝐼𝑇 − ℎ𝑟,𝑎𝑏𝑠1−𝑔1𝐴𝑎𝑏𝑠1(𝑇𝑎𝑏𝑠1 −

𝑇𝑔) − ℎ𝑐,𝑎𝑏𝑠1−𝑔1𝐴𝑎𝑏𝑠1(𝑇𝑎𝑏𝑠1 − 𝑇𝑔1) − 𝑄ℎ     (2.15)  

 

where g is the transmisivity of the glass, abs is the 

absorptivity of the glass segment, Cpabs is the specific heat 

capacity of the absorber, hr,abs1-g1 and hc,abs1-g1 can be 

obtained from equations 2.7b and equations 2.8a, 2.8b, 

2.8c, 2.9 respectively. Qh is the effective heat conduction 

into the top surfaces of the hot sides of the TEGs. 

The rate of change of energy in the second absorber plate 

is the difference between all the energy absorbed by the 

absorber plate and the energy lost from the absorber plate. 

It is given by 

𝑚𝑎𝑏𝑠𝑙𝑟𝑐𝑝𝑎𝑏𝑠

𝑑𝑇𝑎𝑏𝑠2

𝑑𝑡
= 𝜏𝑔𝛼𝑎𝑏𝑠1𝐴𝑎𝑏𝑠2𝐼𝑇

− ℎ𝑟,𝑎𝑏𝑠2−𝑔2𝐴𝑎𝑏𝑠,2(𝑇𝑎𝑏𝑠2 − 𝑇𝑔2)

− ℎ𝑐,𝑎𝑏𝑠2−𝑎𝑖𝑟2𝐴𝑎𝑏𝑠1(𝑇𝑎𝑏𝑠2 − 𝑇𝑎𝑖𝑟2) − 𝑈𝑙𝑜𝑠𝑠

+ 𝐴𝑖𝑛𝑠𝑢2(𝑇𝑎𝑏𝑠2 − 𝑇𝑎𝑖𝑟2)                                    (2.16) 

where hr,abs2-g2 is given by equation 2.7, hc,abs2-air2 is 

given by equations 2.12a, 2.12b and 2.12c, Tair2 is the 

temperature of the air flowing over the second absorber 

segment, and Uloss is the heat loss coefficient through the 

insulator beneath the second absorber segment. It can be 

expressed using equation 2.14b.  

 

2.7 Thermal and electrical analysis of the TEG 

element 

A sketch of the TEG is shown in Fig. 2.  

 

 
Figure 2: A labeled diagram of the solar collector [6] 

 

The rate of heat flow into the hot side, Qh, is the 

net sum of the rate of heat energy absorbed at the top 

surface of the TEGs by the Peltier Effect, ITh, and by 

conduction from the absorber plate to the top surface of the 

TEGs, KT, and the heat lost by resistive heating of the 

TEGs as the heat flows down through the thermoelectric 

elements to the heat sink, I2R. Qh  is expressed as: 

 

RITKITNQ hh

25.0−+= 
        (2.17) 

 

Where N is the number of thermoelectric elements 

in each thermoelectric generator, α is the seebeck 

coefficient, I is the current generated, Th is the effective 

temperature at the hot side of the TEGs and is assumed to 

be equivalent to the temperature of the absorber plate 1, ΔT 

is the temperature difference between the temperatures at 

the hot side of the TEGs, Th, and the cold side heat sink, 

Tc, i.e. (Th - Tc).  K is the effective thermal conductance of 

the thermoelectric module expressed as: 
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th

th

L

kA
NK 2=

                       (2.18a) 

 

where k is the thermal conductivity of the 

thermoelements of the TEG, Ath is the surface area of each 

TEG and Lth is the length of the leg of a TEG 

thermoelement.  

In equation 2.17, R is the effective internal resistance of 

the TEGs to the flow of current and is expressed as: 

 

th

th

L

A
NK


2=

          (2.18b) 

 

where  is the resistivity of the thermoelements of 

the TEG. I in equation 2.17 is the electric current output 

from the TEGs is expressed as: 

 

L

ch

RR

TTN
I

+

−
=

)(

                     (2.18c) 

 

where the term, (Th-Tc) represents the open 

circuit voltage and RL is the load resistance. 

 

With Th already approximated to be equal to Tabs1 

and the base of the heat sink temperature, Tc, still 

unknown. Tc can be deduced from the energy equation of 

the heat sink, taking into consideration the total number of 

fins attached to the heat sink and assuming that the heat 

dissipated at the heat sink is lost by convection through the 

surface of the fins to the inlet air flowing into the heat sink 

enclosure. Thus: 

 

)( 1aircfinfinfinfinfc TTLPhnQ −= 
        (2.19) 

 

where nf is the number of fins, fin is the fin efficiency, hfin 

is the convection heat transfer coefficient from the fin to 

the inlet air, Pfin is the perimeter of each fin base and Lfin is 

the vertical height of each fin. 

The heat flow at the cold side of the TEGs, Qc, is 

the net sum of the rate of heat energy dissipated at the heat 

sink of the TEGs by Seebeck Effect, by conduction from 

the absorber plate to the heat sink of the TEGs and by the 

heat gained by resistive heating of the TEGs as the heat 

flows down to the heat sink. Qc  is also expressed as: 

 

RITKITNQ cc

25.0++= 
         (2.20) 

 

The electrical power output from the TEGs, P, is 

the difference between the rate of heat energy added to the 

top surface of the TEGs, Qh, and the rate of heat energy 

dissipated in the heat sink, Qc. It is expressed as: 

 

))(( 2RITTINnP ch −−= 
         (2.21) 

 

where n is the number of TEGs used for the model. 

The output voltage, V, is obtained by dividing the 

electrical power by the current output and is expressed as: 

 

))(( IRTTNnV ch −−= 
         (2.22) 

 

The electrical efficiency of the thermoelectric generators is 

obtained from the ratio of the cumulative electrical power 

output, Pcum, to the cumulative thermal power input, Qh,cum 

into the TEGs and is expressed as 

 

cumh

cum
elect

Q

P
=

                                 (2.23a) 

 

Where 

 

=
cum

hQ
Tabsabsg IA 1

                   (2.23b) 

 

The area of the first absorber segment is used in 

equation 2.23b because the TEGs are coupled to the first 

absorber segment. 

 

The cumulative energy gained by the air as it 

flows through the collector to the exit, Egain, is the product 

of the air mass flow rate through the collector, the specific 

heat capacity of air and the temperature difference between 

the air temperature at the exit and at the inlet of the 

collector. 

 

)(
12 airairairpgain TTcmE −= 

                (2.24a) 

 

The cumulative energy absorbed by the collector, 

Eabs, is the product of the cumulative insolation received 

from the sun over the whole day, the transmitivity of the 

glass, the absorptivity of the absorber plate and the sum of 

the areas of both the first and second absorber segments. It 

is expressed as: 

 

Tabsabsabsgabs IAAE )( 21 += 
                 (2.24b) 
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The areas of both the first and second absorber 

segments are used in equation 2.24b because the air that 

flows through the collector and gains energy, first flows 

through the space beneath the first absorber segment to 

gain energy lost by the first absorber segment. Then it 

moves on to flow over the area of surface of the second 

absorber segment to the exit. 

The overall efficiency of the flat plate air heating system 

coupled with the TEGs is given by the ratio of the 

cumulative energy gained by the heated exit air to the 

cumulative energy absorbed by the collector from the 

sun’s radiation. It is expressed as: 

 

abs

gain

therm
E

E
=

                    (2.24c) 

 

2.8 Finite forward difference discretization 

expressions 

Applying the Finite Forward Difference (FFD) 

discretization to equation 2.4, the temperature of the first 

glass segment at any time, T1
g1, is expressed in terms of its 

previous temperature, To
g1, as: 

 

𝑇1𝑔1 = 𝑇0𝑔1 +
∆𝑡

𝑚𝑔1𝐶𝑝𝑔
(𝛼𝑔𝐴𝑔1𝐼𝑇 − ℎ𝑐,𝑔1−𝑎𝑚𝑏𝐴𝑔1(𝑇0𝑔1 − 𝑇0

𝑎𝑚𝑏)

− ℎ𝑟,𝑔1−𝑠𝑘𝑦𝐴𝑔1(𝑇𝑔1
0 − 𝑇𝑠𝑘𝑦

0 )

+ ℎ𝑟,𝑎𝑏𝑠1−𝑔𝐴𝑔1(𝑇𝑎𝑏𝑠1
0 − 𝑇𝑔1

0 )

+ ℎ𝑐,𝑎𝑏𝑠1−𝑔1𝐴𝑔1((𝑇0𝑎𝑏𝑠1 − 𝑇0
𝑔1)         (2.25a) 

 

substituting 
111 gggg LAm = where g is the 

density of the glass and Lg is the thickness of the glass. 

Equation 2.25a can be further simplified and expressed as 

 

𝑇1𝑔1 = 𝑇0𝑔1 +
∆𝑡

𝜌𝑔𝐶𝑝𝑔𝐿𝑔
(𝛼𝑔𝐼𝑇 − ℎ𝑐,𝑔1−𝑎𝑚𝑏(𝑇0𝑔1 − 𝑇0

𝑎𝑚𝑏)

− ℎ𝑟,𝑔1−𝑠𝑘𝑦(𝑇𝑔1
0 − 𝑇𝑠𝑘𝑦

0 ) + ℎ𝑟,𝑎𝑏𝑠1−𝑔(𝑇𝑎𝑏𝑠1
0 − 𝑇𝑔1

0 )

+ ℎ𝑐,𝑎𝑏𝑠1−𝑔1((𝑇0𝑎𝑏𝑠1 − 𝑇0
𝑔1)                (2.25b) 

Applying the FFD discretization to equation 2.5, 

the temperature of the second glass segment at any time, 

T1
g2, is expressed in terms of its previous temperature, To

g2, 

as: 

 

𝑇1𝑔2 = 𝑇0𝑔2 +
∆𝑡

𝜌𝑔𝐶𝑝𝑔𝐿𝑔
(𝛼𝑔𝐼𝑇 − ℎ𝑐,𝑔2−𝑎𝑚𝑏(𝑇0𝑔2 − 𝑇0

𝑎𝑚𝑏)

− ℎ𝑟,𝑔2−𝑠𝑘𝑦(𝑇𝑔2
0 − 𝑇𝑠𝑘𝑦

0 ) + ℎ𝐶,𝑎𝑖𝑟2−𝑔2(𝑇𝑎𝑖𝑟2
0 − 𝑇𝑔2

0 )

+ ℎ𝑟,𝑎𝑏𝑠2−𝑔2(𝑇0𝑎𝑏𝑠1 − 𝑇0
𝑔2)                         (2.26) 

Applying the FFD discretization to equations 

2.11b and 2.14, the temperatures of the air flowing over 

the second absorber plate and through the heat sink at any 

time T1
air2 and T1

air1, respectively, are expressed in terms of 

their previous temperatures, To
air2 and To

air1 as: 

 

𝑇𝑎𝑖𝑟,2
1 = 𝑇𝑎𝑖𝑟,2

0 +
∆𝑡

𝑚𝑎𝑖𝑟2𝐶𝑝𝑔
(ℎ𝑐,𝑎𝑏𝑠2−𝑎𝑖𝑟2,𝐴𝑎𝑏𝑠(𝑇0𝑎𝑏𝑠2 − 𝑇0

𝑎𝑖𝑟2)

− ℎ𝑐,𝑎𝑖𝑟2−𝑔2𝐴𝑎𝑏𝑠2(𝑇𝑎𝑖𝑟2
0 − 𝑇𝑔2

0 )

+ 𝑚𝑐𝑝 𝑎𝑖𝑟−𝑔2(𝑇𝑎𝑖𝑟1
0 − 𝑇𝑎𝑖𝑟2

0 )                             (2.27) 

𝑇𝑎𝑖𝑟,1
1 = 𝑇𝑎𝑖𝑟,1

0 +
∆𝑡

𝜌𝑎𝑖𝑟𝐶𝑝𝑎𝑖𝑟𝐿𝑎𝑖𝑟 𝑔𝑎𝑝
((

1

𝐴𝑎𝑏𝑠1
) 𝑚𝑐𝑝 𝑎𝑖𝑟𝑇𝑎𝑚𝑏 − 𝑇𝑎𝑖𝑟,1

0

+ (
1

𝐴𝑎𝑏𝑠1
) 𝑄𝑐

− (
1

𝐴𝑎𝑏𝑠1
) 𝑈𝑙𝑜𝑠𝑠𝐴𝑖𝑛𝑠𝑢𝑙𝑙(𝑇𝑎𝑖𝑟1

0 − 𝑇𝑎𝑚𝑏))       (2.28)   

 

Applying the FFD discretization to equations 2.15 

and 2.16, the temperatures of the first and second absorber 

plate segments in any given time, T1
abs1 and T1

abs2, 

respectively are expressed in terms of their previous 

temperatures, To
abs1 and To

abs1 as: 

 

𝑇𝑎𝑏𝑠,1
1 = 𝑇𝑎𝑏𝑠1

0 +
∆𝑡

𝜌𝑎𝑏𝑠𝐶𝑝𝑎𝑏𝑠𝐿𝑎𝑏𝑠 
(𝜏𝑔𝛼𝑎𝑏𝑠𝐼𝑇 − ℎ𝑟,𝑎𝑏𝑠−𝑔1(𝑇𝑎𝑏𝑠1

0 − 𝑇𝑔1
0 )

− ℎ𝑐,𝑎𝑏𝑠1−𝑔1(𝑇𝑎𝑏𝑠1
0 − 𝑇𝑔1

0 )

− ℎ𝑐,𝑎𝑏𝑠1−𝑔1(𝑇𝑎𝑏𝑠1
0 − 𝑇𝑔1

0 ) −
𝑄ℎ

𝐴𝑎𝑏𝑠1
)           (2.29)

  

𝑇𝑎𝑏𝑠,1
1 = 𝑇𝑎𝑏𝑠1

0 +
∆𝑡

𝜌𝑎𝑏𝑠𝐶𝑝𝑎𝑏𝑠𝐿𝑎𝑏𝑠 
(𝜏𝑔𝛼𝑎𝑏𝑠𝐼𝑇 − ℎ𝑟,𝑎𝑏𝑠−𝑔2(𝑇𝑎𝑏𝑠1

0 − 𝑇𝑔2
0 )

− ℎ𝑐,𝑎𝑏𝑠2−𝑎𝑖𝑟2(𝑇𝑎𝑏𝑠1
0 − 𝑇𝑎𝑖𝑟2

0 )

− ℎ𝑐,𝑎𝑏𝑠2−𝑎𝑖𝑟2(𝑇𝑎𝑏𝑠2
0 − 𝑇𝑎𝑖𝑟2

0 )

− 𝑈𝑙𝑜𝑠𝑠(𝑇𝑎𝑏𝑠2
0 − 𝑇𝑎𝑚𝑏

0 ))                                  (2.30) 

 

Applying the FFD discretization to equation 2.19, 

the temperature of the base of the heat sink at any given 

time, T1
c, as: 

 

finfinfinfinf

c
airc

LPhn

Q
TT


+= 1

01
                    (2.31) 

 

With equations (2.25b), (2.26), (2.27), (2.28), 

(2.29), (2.30), and (2.31), the temperatures of the various 

components of the conjugate flat plate collector and 

thermoelectric generators can be determined. These 

temperature values will be useful in determining other 

unknowns like the heat gained by the air flowing through 

the collector, the thermal efficiency of the collector, the 
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rate of heat absorption in the heat sink, the rate of heat 

dissipation in the heat source, the maximum power, 

voltage and current of the TEGs, and then the electrical 

efficiency of the TEGs coupled to the collector. 

 

2.9 Numerical simulation 

The finite forward equations for each section of 

the Solar Collector-TEG system (Equations: 2.25b, 2.26, 

2.27, 2.28, 2.29, 2.30 and 2.31) were solved using 

SCILAB software to determine the various temperature 

profiles and the energy absorbed or dissipated as the case 

may be, using a time step of 0.1 second i.e. t = 0.1s. In 

developing the SCILAB codes (attached as additional file 

to this paper) for the program, representative atmospheric 

conditions were imposed on the governing equations of the 

flat plate air heater system and each simulation was 

allowed to run for one day. 

 

2.10 Design parameters 

The summary of the design parameters is 

presented in Tables 2.1, 2.2, 2.3, 2.4, 2.5, 2.6 and 2.7 in 

appendix. The properties of air, glass, absorber segments 

and insulation were gotten from Duffie and Beckmann, 

[8]. The characteristic properties of the TEG were mainly 

gotten from Angrist [24] and others were from Rowe [19]. 

Other parameters of the collector are due to the design 

objectives. 

 

3.0 RESULTS AND DISCUSSION  

3.1 Insolation and ambient temperature profiles 

The models for insolation and ambient 

temperature used in the simulation process were adapted 

from Torchia-Nunez et al [25]. The resulting insolation 

values and ambient temperatures are shown in Fig. 3. 

From Fig. 3, it can be observed that insolation is zero prior 

to 6am, i.e. during the early hours of the day. But then the 

insolation gradually rises to its peak value (of 1000W/m2) 

by midday. The ambient temperature experiences a 

corresponding rise and reaches its peak of 308K at about 2 

hours after midday. From then on, both the insolation and 

the ambient temperature decrease as the day progresses.  

 

3.2 Temperature distributions of the various 

components of the system 

The various components of the system were 

assumed to be initially at a temperature of 298K, before 

the commencement of the simulation process. Simulations 

were performed using a maximum insolation of 1000W/m2 

for the 24 hours of a day and the graphs of temperatures of 

the different components of the solar collector are 

presented and discussed in the following sections. Only the 

 
Figure 3: A graphical representation of the daily solar 

insolation and daily ambient temperature. 

 

daylight hours, starting from 6am to 6pm, are represented 

in the graphs. 

 

3.2.1 Temperature profiles of first and second air flows 

Fig. 4 is the graph of the temperature profiles of 

the first and second air flows. These profiles were 

determined using equations 2.27 and 2.28 respectively. 

The air flowing over the second absorber segment, Tair2, 

has a slightly higher peak temperature than the air that 

flows through the heat sink, Tair1. Tair2 recorded a peak 

temperature of 318.5K, (45.5oC) while Tair1 got to a peak of 

314.1K, (41.1oC). Tair1 initially enters the heat sink at 

ambient temperature, 298K, (25oC), but it then picks up 

some heat dissipated at the heat sink of the TEGs and 

flows over the second absorber segment through a 

rectangular slit. While flowing over the second absorber, it 

becomes Tair2 (where it gets heated further), as it flows 

over the very hot second absorber segment.  

 

 
Figure 4: Hourly temperatures of the first and second air flows 

through the system, Tair1 and Tair2.  
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Figure 5: Hourly temperatures of the first and second air flows 

through the system and the temperatures of the second absorber 

temperature, Tabs2. 

 

Fig. 5 is the graph showing the profile of the first 

and second air flows together with the second absorber 

segment respectively. The second absorber segment makes 

some contributions to the increase in energy of the first air 

mass which has just entered the space above it as the air 

flow moves to the exit. Although there was an increase in 

the energy content of the second air mass from what it used 

to be (first air mass) due to the heat from the second 

absorber segment, yet the increment does not seem to be 

proportionally high. It would be expected that the profile 

of the second air mass has its peak at least midway 

between the peak temperatures of Tair1 and Tabs2.  

A possible explanation for this anomalous 

situation could be due to the low thermal conductivity of 

air, 0.0271W/mK. This low value means that for every 1K 

rise in temperature through a length of 1m for a cross 

sectional area of 1m2, the heat transfer rate to the air is just 

0.0271 Watts. 

 

3.2.2 Temperature profiles of first and second absorber 

segments 

Fig. 6 is a graph showing the temperature profiles 

for the first and second absorber segments. These profiles 

were determined using equations 2.29 and 2.30 

respectively. The temperature profile of the second 

absorber segment reached a higher peak than that of the 

first absorber segment. The peak temperature of the second 

absorber segment was 397.4K, (124.4oC) while that of the 

first was at 393.9K, (120.9oC). The reason behind the 

disparity between the temperatures of the two absorber 

segments can be traced to the design of the Solar 

Collector-TEG system.  

 
Figure 6: Hourly temperatures of the first, Tabs1, and second, 

Tabs2, absorber segments. 

 

Whereas the TEGs were coupled to the first 

absorber (the heat source for the TEGs), there were no 

TEG couplings to the second absorber. Instead, the second 

absorber was properly insulated to reduce heat loss 

beneath the surface of the absorber. The first absorber 

segment with the TEGs coupled underneath it, loses heat 

by resistive heating and conduction through the 

thermoelements of the TEGs to the heat sink. This loss of 

heat to the heat sink by the first absorber most likely led to 

the lower peak in the temperature profile of the first 

absorber segment. 

 

3.2.3 Temperature profiles of the heat sink and heat 

source 

Fig. 7 is a graph that shows the temperature 

profiles of the heat source (first absorber segment) and 

heat sink. According to equations 2.29 and 2.31, the 

temperature profile of the heat source has a much higher 

peak temperature at 393.9K, (120.9oC) compared to the 

heat sink, with its peak at 314.5K, (41.5oC). The heat sink 

temperature of 120.9oC is close to 140oC which Rowe [19] 

presented as suitable for the operation of TEGs. Although 

heat is lost by resistive heating and conduction through the 

thermoelements, from the heat source to the heat sink, yet 

the heat source holds a much higher temperature profile. 

This is because the heat source is continuously heated by 

the sun’s radiation whereas the heat sink is continuously 

being cooled by the inlet air (at ambient temperature) that 

flows into the space adjacent to the heat sink. 

As a result of buoyancy, already heated air around 

the heat sink flows through the slit into the space above the 

second absorber segment, giving room for ambient air to 

continuously flow in to keep cooling the heat sink 



 MATHEMATICAL AND SIMULATION-BASED ANALYSIS OF THE THERMAL AND ELECTRICAL …                     723 

       

 

Nigerian Journal of Technology (NIJOTECH)                    Vol. 41, No. 4, July 2022. 

 
Figure 7: Hourly temperatures of the heat source, Tabs1, and heat 

sink, Tc. 

 

3.3 TEG temperature difference between the heat 

sink and heat source against time  

The temperature difference between the heat sink 

and the heat source increases with time during the first half 

of the day and gets to a peak value of 79.4o around midday 

in Fig. 8. It then falls in the second half of the day. The 

profile starts from a temperature difference that is below 

 

 
Figure 8: Temperature profile of the TEG temperature 

difference between heat source and heat sink 

 

0 K. To understand this behavior, it should be 

pointed out that each simulation for the program is meant 

to run for a time step that represents one day (24 hours). 

During most of the daylight hours, the first absorber 

segment (the TEG heat source) is hotter than the heat sink. 

As evening approaches, the TEG heat source does not 

receive radiation any longer since the sun has gone down. 

However, it continuously loses heat by conduction 

to the heat sink because it has a lower specific heat 

capacity (480J/kg.K) than the heat sink (900J/kg.K). At 

some point during the night, the heat sink then has a higher 

temperature than the heat source. This continues all 

through the rest of the night to the early hours of the 

morning, leading to negative TEG temperature difference. 

As soon as the sun’s radiation starts coming up with 

 increasing sunshine, the heat source then quickly becomes 

hotter than the heat sink and the TEG temperature 

difference becomes positive. 

 

3.4 Output power, voltage and current characteristics 

of the TEGS 

The profiles of the power and voltage generated 

from the TEGs are shown in Figs. 9a and 9b. The profiles 

were determined using equations 2.21 and 

2.22respectively. Both the voltage and the power start 

rising from zero at the 6th hour of the day and get to a 

peak of 19.76 Volts and 12.56 Watts respectively around 

midday. However, by the 18th hour of the day, the power 

drops to almost zero while the voltage drops to 1.84 Volts. 

The reason why the power has a value of around 0 Watts 

even when the voltage was still somewhat substantial 

could be due to the value of the current in the 18th hour, 

(0.059 amperes). The profile for the current is shown in 

Fig. 10 and is determined using equation 2.18c. Since 

power is a product of current and voltage, then multiplying 

a very low current by a voltage of 1.84 volts would bring 

about a power value of almost 0 Watts. 

 

 
Figure 9a: A graphical representation of the voltage of the 

TEGs. 

 

 
Figure 9b: A graphical representation of the power of the TEGs. 
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The maximum current shown in Fig. 10 is 

obtained around midday, and it has a value of 0.64 

Amperes. This is 56% of the default design TEG current 

generation which is at 1.14 Amperes. 

 

 
Figure 10: A graphical representation of the current generated 

from the TEGs. 

 

3.5 Electrical efficiency of the TEGS 

The graph showing the profile of the cumulative 

electrical efficiency of the TEGs is presented in Fig. 11. It 

is determined using equation 2.23a. There is a gradual 

increase from zero to a peak of 8.3% at around 3pm. Then 

from this hour, decline in the efficiency slowly sets in but 

not going lower than the 8% mark. The electrical 

efficiency of the TEGs obtained from this modeling is 

consistent with the value of 8% obtained in Biswas et al 

[18]. The decline noticed in the profile is in line with what 

was expected because insolation gradually decreases as 

evening sets in. Another reason could be due to increase in 

electrical resistance at the heat source (first absorber 

segment) as temperature of the first absorber segment 

rises. Furthermore, it can be observed that the electrical 

efficiency stayed around the 8% up to the 18th hour and 

this may have been because the first absorber segment of 

the collector was still hot around this time. The heat source 

temperatures between the hours of 3pm and 6pm ranged 

between 373.4K, (100.4oC) and 310.1K, (37.1oC) 

respectively while for the heat sink, the temperature 

ranged between 311.8K, (38.8oC) and 302.7K, (29oC) 

respectively. These temperature ranges are substantial 

values and adequate for the TEGs to function effectively.  

 
3.6 Cumulative energy gained by the second 

absorber segment and energy gained by the air 

flowing to the exit. 

The heat generated in the heated air and the energy 

gained by the second absorber segment are computed 

using equations 2.24b and 2.24a. Fig. 12 shows the 

profiles of the cumulative energy gained by the second 

absorber segment and that gained by the exit air for the 

daytime operation.  

 

 
Figure 11: Daytime Electrical Efficiency of the TEGs. 

 

 
Figure 12: Cumulative energy absorbed by the second absorber 

segment of the solar collector and cumulative energy gained by 

the exit air. 

 

It is important to assess the energy generated by 

the second absorber segment and in the exit air. It can be 

observed that both profiles start from zero but end up with 

much different peaks. Whereas the energy received in the 

second absorber rises to a cumulative peak value of 87 MJ, 

the peak of the exit air profile gets to 37 MJ. Some reasons 

could be responsible for this. Air has a lower specific heat 

capacity than the second absorber, thus heat gain by the 

two materials would not be the same. Another factor 

would be the mobility of the air. The air above the second 

absorber is not stagnant but in motion. Hence there might 

not be enough time for the air flowing to the exit to gain as 

much heat from the second absorber as would have been 

desired. Also, the second absorber segment does not 

transfer all energy it absorbs to the air. Some of the energy 
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is lost to the ambient via conduction through the insulator 

and via radiation through the glazing. 

 

4.0 THERMAL EFFICIENCY OF THE SOLAR 

AIR HEATER 

The thermal efficiency of the solar collector was 

determined using equation 2.24c and is shown in Fig. 14 

for the daytime operation of the collector. A comparison of 

the energy gains shown in Fig. 13 will suggest that the 

collector’s thermal efficiency will not exceed 50% since 

the exit air energy gain is not up to half of the gain by the 

second absorber segment. Fig. 14 shows that the profile of 

the thermal efficiency rises in a linear manner between 

6am and 8am and thereafter assumes the shape of a curve. 

The profile gets to a peak thermal efficiency of 42%. This 

is consistent with the thermal efficiency recorded in Eze 

and Ojike in [14]. 

 

 
Figure 14: Day time thermal efficiency profile of the solar 

collector. 

 

5.0 CONCLUSIONS 

This work has presented a finite forward 

difference analysis of the transient behavior of a conjugate 

flat plate air heater-TEG collector, for heat and electricity 

generation. Mass and energy balances were carried out to 

determine the performance of the heat and electricity 

generation components of the collector. The maximum 

temperatures attained by the first air flow, 41.1oC, the heat 

sink, 41.5oC and the second air flow, 45.5oC, were the 

lowest of all temperatures of components that were 

obtained in the control model designed for the work. The 

first glass segment and the second glass segment attained 

peak temperatures of 63.3oC and 45.9oC respectively. The 

first absorber (heat source) segment and the second 

absorber segment attained the highest temperatures of 

120.9oC and 124.4oC. The electrical efficiency of the 

model was 8.3%, an increase of 0.3% from the work of 

Biswas et al [18]. The thermal efficiency of the collector 

of the model was 42% and is consistent with the value 

presented in Eze and Ojike in [14]. However there is some 

important point to make concerning the thermal efficiency 

of this system. In this research work, air was used as the 

fluid for heat transfer while in [8], water, which has a 

higher thermal conductivity than air, was used. It is 

expected that the efficiency of an air heating collector 

should be lower than that of a water heating collector. 

Thus, for this work (which is of a hybrid nature, since it 

comprises a TEG system in addition to the air heating 

collector) to have comparable efficiency, it is shows that a 

system designed by coupling a Flat Plate Air Heater 

Collector with Thermoelectric Generators, TEGs, is 

feasible and has good prospects.  
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APPENDIX 

Table 2.1: The parameters of the glass 

Length of first glass segment 0.4m 

Width of first glass segment 0.4m 

Length of second glass segment 0.7m 

Width of second glass segment 0.4m 

Absorptivity of the glass 0.14 

Transmitivity of the glass 0.83 

Emissivity of the glass 0.95 

Density of the glass 2800kg/m3 

Specific heat capacity of the glass  800J/kg.K 

 

Table 2.2: The parameters of the absorber segment 

Length of first absorber segment 0.4m 

Width of first absorber segment 0.4m 

Length of second absorber segment 0.6m 

Width of second absorber segment 0.4m 

Thickness of absorber 0.002m 

Gap spacing between glazing and absorber 0.025m 

Absorptivity of the absorber plate 0.95 

Emissivity of the absorber plate 0.90 
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Density of absorber 8800kg/m3 

Thermal conductivity of absorber 0.733W/m.K 

Specific heat capacity of absorber 480J/kg.K 

Length of first absorber segment 0.4m 

Width of first absorber segment 0.4m 

Length of second absorber segment 0.6m 

Width of second absorber segment 0.4m 

Thickness of absorber 0.002m 

Gap spacing between glazing and absorber 0.025m 

Absorptivity of the absorber plate 0.95 

Emissivity of the absorber plate 0.90 

Density of absorber 8800kg/m3 

Thermal conductivity of absorber 0.733W/m.K 

Specific heat capacity of absorber 480J/kg.K 

 

Table 2.3: Properties of air 

Density of air 1.27kg/m3 

Kinematic viscosity of air 15.89ˣ10-6m2/s 

Thermal conductivity of air 0.0271W/mK 

Specific heat capacity of air 1003J/kgK 

Wind velocity over the collector surface 3m/s 

Air velocity through the collector 2m/s 

 

Table 2.4: Parameters of the Thermoelectric Module TEM 

Seebeck coefficient 3.92ˣ10-4V/C 

Resistivity of each TEM 1.4ˣ10-5 Ώm 

Thermal conductivity of each TEM 1.63W/mC 

Surface dimension of each TEM 0.04ˣ0.04m2 

Number of Thermoelements per module 127 

Area to length ratio of Thermoelements 0.00121 

Number of Thermoelectric Generators 10 

 

Table 2.5: Properties of the heat sink and fins 

Length of each heat sink 0.135m 

Width of each heat sink 0.105m 

Base thickness of each heat sink 0.008m 

Number of heat sinks 11.29 

Width of heat sink space 0.4m 

Length of heat sink space 0.4m 

Gap spacing for the heat sink 0.04m 

Density of  heat sink 2700kg/m3 

Specific heat capacity of heat sink 900J/kg.K 

Number of fins per heat sink 14 

Total Number of fins 158 

Length of each fin 0.135m 

Width of fin 0.002m 

Height of fin 0.025m 

Thermal conductivity of fin 240W/m.K 

Fin efficiency 0.90 
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Table 2.6: Properties of the insulation material 

Thermal conductivity of insulation, Glass wool 0.045W/m.K 

Length of first insulation segment 0.4m 

Width of first insulation segment 0.4m 

Length of second insulation segment 0.6m 

Width of second insulation segment 0.4m 

 

Table 2.7: Other parameters 

Tilt angle of the collector 22o 

Acceleration due to gravity 9.81m/s2 

Surface heat transfer coefficient of fin 27W/m2.K 

Angle the connector of the heat sink base component makes with second absorber 60o 

 


