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H I G H L I G H T S  

• Converting waste heat to electrical power using thermoelectric technology. 
• The generated power was utilized in an impressed current cathodic protection system. 
• Using mathematical modeling and Buckingham Pi theorem for performance evaluation. 
• Proposing three models to evaluate the performance of the system.  
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A B S T R A C T   

Supplying an energy source for impressed current cathodic protection is considered as the main challenge for 
pipelines corrosion protection in remote areas. The purpose of this study is to construct and evaluate the per
formance of an impressed current cathodic protection system using waste heat to replace the external electrical 
power supply. The system consists of four thermoelectric modules producing the electrical power from the hot 
combusted gas stream. Mathematical modeling and Buckingham Pi theorem were applied to obtain five 
dimensionless parameters and several models to estimate the system performance. According to the experimental 
results, the generated voltage, electrical current, and temperature difference have been increased rapidly during 
the experiment up to 201 mV, 44 mA, and 20 K, respectively. Moreover, mathematical modeling and Buck
ingham Pi theorem were also utilized to obtain three equations, two nonlinear and one dimensionless equation, 
to calculate the generated electrical voltage with the maximum error of 1.22%, 9.11%, and 10%, respectively. 
The results indicate that the temperature difference (between inlet gas and environment) and the figure of merit 
have a direct effect, and heat sink thermal resistance has an inverse effect on the generated electrical voltage.   

1. Introduction 

Corrosion is a destructive electrochemical activity. It is one of the 
most severe problems in all underground and submarine metal struc
tures. It also causes direct and indirect economic and ecological damage. 
Among the methods of corrosion protection, one of the most effective 
ones is the cathodic protection (CP) which is the cathodization of the 
structure with two techniques, the impressed current cathodic protec
tion (ICCP) and the sacrificial anode cathodic protection (SACP) that 

ultimately prevents corrosion [1,2]. 
In the sacrificial anode cathodic protection method, a metal or an 

alloy of metal, being more reactive than a protected metal, is attached to 
the structure that oxidizes instead of the original structure. However, 
due to the uncertainty of the anodes’ life, they must be monitored and 
replaced at regular intervals, which has made this method cost- 
ineffective. Additionally, for structures that need high protective cur
rent, this method has a limited output and does not have the appropriate 
efficiency [3]. 

In the impressed current cathodic protection method, due to the 
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presence of an external electrical source, the lifespan is increased and it 
saves the cost of monitoring and replacement. It can also create high 
current for the proper protection of various structures [4]. However, due 
to the need for a fixed external power supply, this system faces several 
issues, such as the maintenance of power supply equipment. In most 
cases, access to the required electricity is not available or very difficult 
and expensive in remote areas [5]. 

Several research have been conducted to replace applying clean and 
renewable energy, including solar and wind, to supply the electricity 
needs for cathodic protection [6]. However, one of the disadvantages of 
these systems is the lack of solar energy at night and non-stable cathodic 
protection in case of using wind energy and their need for energy storage 
[7]. El-Shakour and Anis [8] employed a microprocessor in a photo
voltaic cathodic protection system for automatic current control, which 
was compared with the new system with conventional cathodic pro
tection systems because ordinary systems use manual method to control 
the flow. Therefore, they proposed a new system which the cost of 
adding a new system is less than the cost of saving in case of corrosion. 
Lastly, they explained the benefits of utilizing a microprocessor system, 
such as eliminating the cost of technicians traveling to remote areas, 
saving time and effort, and minimizing the risk of corrosion. Laoun et al. 
[9] used solar panels to generate the required ICCP cathodic protection 
current. They noticed that when the number of thermoelectric modules 
and batteries were 10 and 14, respectively. This design could effectively 
protect the pipeline in all kinds of lands and all kinds of pipe compo
nents. The output current was high enough, low-cost, varied, and 
controllable. Javadi et al. [10] designed a cathodic protection system 
through the use of an intelligent photovoltaic power system in order to 
protect underground pipelines. As a result, the dimensions, weight, and 
the cost of installing and building the system were significantly reduced. 
They also proposed and tested two new controllers for this system. The 
simulation results proved the correct operation of both controllers and 
the whole system despite the different amounts of solar radiation and 
radiation duration. Polder et al. [11] evaluated the maintenance and 
performance data of 100 structures in which cathodic protection was 
used for concrete structures in the Netherlands. They revealed that 
components corrosion is finite and a function of age and minor repairs 
are required after approximately 15 years. Gadala et al. [12] 

experimentally and numerically studied the effects of soil phys
icochemistry and aeration surface on the cathodic protection design in 
the underground pipeline. They reported that in places farther away 
from the CP anodes, corrosion increases in cold-dry soils. This is due to 
increased gas transfer, accelerated reaction rate, and the lack of cathodic 
protection. Additionally, in most areas with no large cover the corrosion 
rate decreased despite the CP currents. Moreover, as moisture was 
increased, soil conductivity was increased and the external surfaces 
were better protected via cathodic protection. Finally, by use of this 
model, the potentials and anode placements were determined, thus, the 
efficiency and overproduction of cathodic protection reached their 
maximum value. They stated that these studies comprise this feature in 
other geometries and environments. Hameed et al. [13] numerically 
modeled cathodic protection via ICCP method for steel pipes in salt
water. There was about a 1.27% error between modeling and laboratory 
data implying that this method is suitable for corrosion problems. They 
achieved high accuracy values for current density and potential. Sercio 
et al. [14] modeled the cathodic protection on a finite element method 
(FEM) steel impeller shaft. The items evaluated in their work were the 
effects of shaft rotation and seawater flow. They observed that very little 
polarization was experienced under various conditions, including fixed 
shafts, rotating shafts, and the absence of water renewal. Furthermore, 
when the water was not renewed, and the shaft was not moving, it was 
observed that the potential had reached less than the limits of European 
standards related to adequate cathodic protection. 

Thermoelectric modules are devices used for converting temperature 
differences into electricity and vice versa. They are divided into ther
moelectric coolers (TEC) and thermoelectric generators (TEG). These 
systems are highly reliable, modular, cheap, easy-to-control, small- 
sized, silent due to having no moving parts, environmentally friendly, 
pollution-free, and low-cost in maintenance [15]. According to these 
advantages, thermoelectric modules include a wide range of industrial 
applications, such as spacecraft [16], solar intensity measurement [17], 
solar desalination systems [18,19], fuel cells waste heat recovery [20], 
cooling [21], vehicle exhaust waste heat recovery [22], and atmospheric 
energy harvesting [23]. 

In regard to the thermoelectric ability to convert heat into electricity, 
thermoelectrics are applied in cathodic protection to supply the required 

Nomenclature 

a Accuracy 
A Area, m2 

Cp Specific heat, J.kg− 1.K− 1 

D Diameter, m 
Dh Hydraulic diameter, m 
E Energy, j 
g Gravitational acceleration, m.s− 2 

h Heat transfer coefficient, W.m− 2.K− 1 

I Electrical current, A 
K Air thermal conductivity, W.m− 1.K− 1 

ṁ Mass flow rate, kg.s− 1 

Nu Nusselt number 
Pr Prandtl number 
q Heating transfer, W 
R Electrical resistance, Ω 
Ra Rayleigh number 
T Temperature, K 
u Uncertainty 
V Electrical voltage, V 
W Electrical power, W 
Z Thermoelectric figure of merit, K− 1 

Greek symbols 
αm Seebeck coefficient, m2.s− 1 

β Volume expansion coefficient, K− 1 

γm Thermal conductivity of thermoelectric module, W.K− 1 

ΔT Temperature difference, K 
ν Kinematic viscosity, m2.s− 1 

ρm Electrical resistance of thermoelectric module, Ω 
σ Stefan-Boltzmann constant, W.m− 2K− 4 

Subscripts 
a Air 
b Box 
c Cold 
con Convective 
h Hot 
in Inlet 
m Mean 
o Outlet 
p Pipe 
r Radiation 
t Total 
T Thermoelectric  
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electrical energy. In an experimental study, Yezhovet et al. [24] utilized 
thermoelectric modules to generate electrical energy supplying the 
cathodic protection of the pipeline. They also proposed some equations 
for calculating the thermoelectric properties that could be used to adjust 
the flow characteristics according to the gas temperature and flow rate. 
Rahman [25] connected the thermoelectric generators to the ship’s 
exhaust gas section to generate electricity for impressed current 
cathodic protection. He reported that force circulation provided a more 
stable and efficient current and voltage compared to natural circulation. 
Lishuet et al. [26] employed a thermoelectric module to convert the heat 
of underground heating pipelines into electrical energy used in the 
cathodic protection of greenhouse heating pipeline. The results indi
cated a temperature difference of 33.2 ◦C between the two sides of the 
thermoelectric and a 92.97% degree of protection confirming the us
ability and practicality of their research. 

1.1. Motivation for conducting this research 

As mentioned above, impressed current cathodic protection, one of 
the most effective methods of corrosion control, needs an electrical 
power supply. However, most structures that need corrosion protection 
are located in remote and inaccessible areas. Thus, supplying electricity 
to the ICCP is one of the most significant challenges for engineers. 
Therefore, renewable energy sources, such as solar and wind energies 
have been used in previous studies to solve the ICCP power supply 
problem. However, due to the lack of solar energy at night and non- 
stability in wind energy, these methods require energy storage which 
is costly and comprises several difficulties. 

The question is how to provide a stable energy source for cathodic 
protection in remote areas. Using gas inside the pipeline could be a firm 
source for thermal energy production. Considering the mentioned ad
vantages of thermoelectric technology and its ability to the energy 
conversion, this thermal energy could be converted into an electricity 
source required for cathodic protection. It eliminates the need for 
continuous maintenance of the system due to the lack of moving parts, 
and it can be used in remote areas with no access to the distribution 
network. To the best of our knowledge, there are a few studies on the use 
of thermoelectric technology in the cathodic protection systems. On the 
other hand, mathematical modeling of such devices has not been pre
sented yet. This study aimed to construct a thermoelectric cathodic 
protection system and evaluate its behavior and performance under 
different conditions. In addition to the experimental method, mathe
matical modeling is also applied to evaluate the performance of the 
proposed system and three models will be presented to estimate the 
performance of the proposed systems. 

2. Theoretical background 

In this section, the basic principles utilized in the mathematical 
modeling of the proposed system are presented. These relations are 
divided into two categories, thermoelectric and heat transfer relations. 

2.1. Heat transfer relations 

Heat transfer can be divided into natural and forced convection. 
When a stream of hot gas passes through a pipe, the heat transfer from 
the gas stream to the wall is calculated from the following equations 
[27,28]: 

q = ṁCp(Tin − To) (1)  

q = hA
(
Tm − Tp

)
(2)  

that ṁ, Tin, To, Tm, Tp, h, and A are gas mass flow rate, gas inlet tem
perature, gas outlet temperature, gas mean temperature, pipe temper
ature, convection heat transfer coefficient, and pipe surface area, 

respectively. For natural convective heat transfer inside a hollow pipe, 
the heat transfer coefficient is calculated by the following equations 
[27,29]: 

Nu =
hK
D

= c × Ran (3)  

Ra =
g × β × ΔT × D3 × Pr

ν2 (4)  

in the above equations, K, ν, D, and ΔTare gas thermal conductivity, gas 
kinematic viscosity, pipe diameter, and temperature difference, 
respectively. 

2.2. Thermoelectric relations 

The thermoelectric generator’s geometry is represented in Fig. 1. 
Due to the transferred heat from the hot side to the thermoelectric and 
the transferred heat from the cold side of the thermoelectric, a tem
perature difference occurs between the two sides of the thermoelectric 
module producing an electrical potential difference in the system. Ac
cording to the following equations, the input and output heat of a 
thermoelectric is achieved [30]: 

qh = αmITh −
1
2
ρmI2 + γmΔT (5)  

qc = αmITc +
1
2
ρmI2 + γmΔT (6)  

where 

ΔT = Th − Tc (7) 

The output voltage produced by the temperature difference in the 
thermoelectric generator is obtained from the following equation [20]: 

V = αmΔT − ρmI (8) 

The difference between the input and output heat is equal to the 
thermoelectric’s generated power and it is calculated by the following 
equation: 

W = qh − qc = αmIΔT − ρmI2 (9)  

3. Experimental procedure 

Fig. 2 demonstrates an exploded view of the experimental setup 
utilized in the current study. As shown in this figure, the setup consists of 
six main parts: burner, steel pipe and box, mineral wool insulation, four 
thermoelectric modules, and aluminum heat sinks. The warm com
busted gas rises in the steel pipe due to the stack effect (natural con
vection effect) and heats the pipe and the box. To prevent heat loss, the 
pipe is covered with mineral wool insulation with a thickness of 0.04 m. 
Four thermoelectric modules were placed on the other side of the box. 
The output heat caused a temperature difference between the two sides 
of the thermoelectric modules, which produce an electric voltage in the 
system. 

As previously mentioned, thermoelectric modules are divided into 
two types of thermoelectric generators (TEG) and thermoelectric coolers 
(TEC). For operating temperatures below 373 K, thermoelectric coolers 
perform better in generating electrical power [20]. Herein, four ther
moelectric coolers (model TEC1-12706) were employed for generating 
the electrical power from the combusted gas stream. Moreover, four heat 
sinks were applied to cool down the thermoelectric generators and to 
make a temperature difference between the two sides of the thermo
electric modules. Each heat sink comprises 11 fins with a thickness of 
0.002 m. The dimensions of the system components are displayed in 
Table 1. Table 2 presents the properties of the thermoelectric modules. 
The pictorial and schematic views of the setup during experimentation 
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are shown in Figs. 3 and 4, respectively. 
Experiments were performed on October 3, 2020, in a room with a 

controlled environment and the ambient temperature of 22◦C. The 
values of electrical current and output voltage, thermoelectric hot and 
cold side temperatures, and pipe surface temperature were measured in 
different time intervals. 

The uncertainty is usually expressed as an interval around the esti
mated value. There are two types of uncertainty: Type A and Type B. 
Type A is related to random errors and can be measured with statistical 
analysis. Type B is related to systematic errors and may be determined 
by looking up specific information about a measured data found in the 
calibration report or the data book of the measuring device [31,32]. In 
this research, the measuring devices (temperature sensors and multi- 
meter), comprise continuous variables and there is no statistical 

Fig. 1. The schematic view of a thermoelectric generator [17].  

Fig. 2. (a) The exploded view of the experimental setup (b) pipe (c) insulation (d) thermoelectric (e) burner (f) box (g) heatsink.  

Table 1 
The dimensions of the system components.  

Dimension Size Unit 

L1  0.556 m 
L2  0.189 m 
L3  0.556 m 
L4  0.100 m 
L5  0.100 m 
D  0.060 m 
W  0.0908 m 
L6  0.0652 m 
H  0.0198 m  

Table 2 
The properties of the thermoelectric used in this research.  

Properties Related parameter - Unit 

Thermoelectric model – TEC1-12706 – 
Manufacturer – Thermonomic Inc. – 
Dimensions AT  0.04 × 0.04 m2  

Seebeck coefficient αm  0.0157 V.K - 1  

Electrical resistance ρm  2.2 Ω  
Conductivity coefficient γm  0.8436 W.K - 1   
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analysis in the experimental procedure. Therefore, the uncertainties of 
their reading values are always Type B [33]. 

In this work, the uncertainties (Type B) are calculated from the 
following equation [34,35]: 

u =
a
̅̅̅
3

√ (10)  

where a and u indicate the accuracy of the measuring device and the 
standard uncertainty, respectively. Table 3 represents the uncertainties 
related to the experimental facilities: 

4. Mathematical modeling 

The purpose of mathematical modeling of an engineering system is to 
formulate its behavior and to estimate its performance under different 
conditions. With mathematical modeling, the system performance can 
be predicted with appropriate accuracy, at a lower cost, and in a shorter 
time without having to build different types and performing various 
experiments on the systems [36,37]. The forementioned experimental 
setup consists of four parts; pipe, box, thermoelectric modules, and heat 
sinks. For performing the mathematical modeling, the energy balance 
equations are separately derived for each part, and finally the mathe
matical model of the system is obtained by combining these equations. 
Following assumptions have been considered to simplify the problem:  

(1) Steady-state condition in the period of ΔT  
(2) Heat sink radiation to the environment is negligible  
(3) Heat enters the heat sink only through the thermoelectric  
(4) The base temperature of the heat sink is equal to the temperature 

of the cold side of the thermoelectric  
(5) The contact resistance between the heat sink and thermoelectric 

is neglected  
(6) All the base points of the heat sink have a uniform temperature 

4.1. Pipe’s energy balance 

The schematic view of the pipe’s energy balance is presented in 
Fig. 5. In the present study, the following equations are utilized to 
calculate the heat transfer in the pipe [38]: 

Ein = Eo
ṁCp(Tin − To) = hcon,pAp

(
Tm − Tp

) (11) 

Thermoelectric 

Pipe and Insulation

Heatsink

Burner

Box

Multi meter

Temperature sensor

Fig. 3. The experimental setup’s different view.  

Fig. 4. The schematic view of the cathodic protection system in a real 
application. 

Table 3 
The standard uncertainties associated with the measuring devices.  

Measuring device Accuracy Range Standard uncertainty 

Temperature sensor (Type K) 0.1 ◦C  0 − 900 ◦C  0.06 ◦C  
Multi meter (voltage) 0.1 V  0 − 20 V  0.06 V  
Multi meter (current) 0.1 A  0 − 10 A  0.06 A   
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In the above equation, ṁ, Tin, To, Tm, Tp, hcon,p, and Ap are the com
busted gas mass flow rate, gas inlet temperature, gas outlet temperature, 
mean temperature, pipe temperature, convective heat transfer coeffi
cient between gas and pipe, and pipe surface area, respectively. 

The convective heat transfer coefficient between gas and pipe is 
calculated by the following equations [39,40]: 

hcon,p =
NupK

D
(12)  

Nup = 0.59Ra0.25 (13)  

Ra =
g × β × ΔT × D3 × Pr

ν2 (14) 

In the above equations, K, ν, D, and ΔT are the gas thermal con
ductivity, gas kinematic viscosity, pipe diameter, and temperature dif
ference between gas and pipe surface, respectively. The energy balance 
equation can be written as follows: 

qcon,p = qcon,p− b + qr,p− b (15)  

where qcon,p, qcon,p− b, and qr,p− b represent the input convective heat 
transfer from combusted gas to the pipe, convective, and radiative heat 
transfer from pipe to the hollow box, respectively [41,42]. 

qcon,p = hcon,pAp
(
Tm − Tp

)
(16)  

qcon,p− b = hcon,p− bAp
(
Tp − Th

)
(17)  

qr,p− b = hr,p− bAp
(
Tp − Th

)

hr,p− b = σF(T2
p + T2

h )(Tp + Th)
(18)  

Tm =
Tin + To

2
(19) 

Substituting the above Eqs. (16)–(19) in Eq. (15): 

hcon,p
(
Tm − Tp

)
= ht,p− b

(
Tp − Th

)
(20)  

ht,p− b = hcon,p− b + hr,p− b (21) 

In the above equation, ht,p− b is the total heat transfer coefficient be
tween the pipe and the hollow box. Through simplifying Eq. (20), the 
average temperature of combusted gas can be written as follows: 

Tm =
ht,p− b

(
Tp − Th

)
+ hcon,pTp

hcon,p
(22)  

4.2. Energy balance for the hollow box 

Fig. 6 demonstrates a schematic view of the energy balance for the 
hollow box. In the present work, to calculate the heat transfer equation 
in the box, the following equations are applied: 

qcon,p− b + qr,p− b = 4 × qh (23)  

where qcon,p− b, qr,p− b, and qh are convective heat transfer between the 
pipe and the hollow box, radiative heat transfer from the pipe to the 
hollow box, and input heat transfer from the box to each thermoelectric 
module, respectively. 

qcon,p− b = hcon,p− b.Ap
(
Tp − Th

)
(17)  

qr,p− b = hr,p− b.Ap
(
Tp − Th

)
(18)  

ht,p− b = hr,p− b + hcon,p− b (21) 

Substituting the above equations in Eq. (23), the temperature of the 
pipe is expressed as follows: 

ht,p− bAp
(
Tp − Th

)
= 4 × qh (24)  

Tp =
4 × qh + ht,p− bApTh

ht,p− bAp
(25)  

4.3. The thermoelectric module’s energy balance 

The schematic view of the thermoelectric module’s energy balance is 
depicted in Fig. 7. By considering the steady-state condition, it is 
deduced that the summation of the generated power and output heat 
from thermoelectric is equivalent to the thermoelectric module’s input 
heat. In the current study, the contact resistance between the heat sink 
and thermoelectric is neglected. Therefore, the temperature of the cold 
side of the thermoelectric and the base temperature of the heat sink are 
assumed to be equal to Tc. It must also be noted that the transferred heat 
to the heat sinks only occurs from the thermoelectric modules. 

Input and output heat transfer through thermoelectric are as follows 
[17]: 

Fig. 5. Energy balance for pipe.  

Fig. 6. The hollow box’s energy balance.  
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qh = αmITh − 0.5ρmI2 + γmΔT (26)  

qc = αmITc + 0.5ρmI2 + γmΔT (27)  

ΔT = (Th − Tc) (28) 

As written below, the generated electrical voltage in thermoelectric 
is expressed by [20]: 

V = αmΔT − Iρm (29) 

In a closed circuit, the value of the generated power can be consid
ered as [43]: 

W = qh − qc (30)  

W = VI = αmIΔT − I2ρm (31) 

Substituting Eq. (26) and Eq. (28) in Eq. (25), the hot side temper
ature of the thermoelectric module can be calculated using the following 
equation: 

Th =
ht,p− bApTp + 4γmTc + 2ρmI2

4αmI + 4γm + ht,p− bAp
(32)  

4.4. Energy balance for the heat sink 

The schematic view of the heat sink’s energy balance is shown in 
Fig. 8. Considering that the energy output from the thermoelectric, qc, 

and the energy input to the heat sink are equal, the energy balance for 
the heat sink is written as follows: 

qheatsink = qc =
Tc − Ta

Rheatsink
(33) 

Substituting Eq. (27) in the equation above: 

αmITc + 0.5ρmI2 + γmΔT =
Tc − Ta

Rheatsink
(34) 

In other words: 

Tc =
Ta + 0.5ρmI2Rheatsink + γmThRheatsink

1 + γmRheatsink − αmIRheatsink
(35)  

4.5. Evaluation of the thermoelectric performance 

By applying the equations above, the performance of the thermo
electric generator can be evaluated using the following equations: 

Tm =
Tin + To

2
(19)  

Tm =
ht,p− b

(
Tp − Th

)
+ hcon,pTp

hcon,p
(22)  

Tp =
4 × qh + ht,p− bApTh

ht,p− bAp
(25)  

qh = αmITh − 0.5ρmI2 + γmΔT (26)  

V = αmΔT − Iρm (29)  

W = qh − qc (30)  

W = VI = αmIΔT − I2ρm (31)  

Th =
ht,p− bApTp + 4γmTc + 2ρmI2

4αmI + 4γm + ht,p− bAp
(32)  

Tc =
Ta + 0.5ρmI2Rheatsink + γmThRheatsink

1 + γmRheatsink − αmIRheatsink
(35) 

As shown in the above equations, there are nine nonlinear equations 
with nine unknown parameters (To, Tm, Tp, Th, Tc, qh, V, I, and W). 
Comprising the values of geometric parameters, gas inlet temperature, 
ambient temperature, thermoelectric characteristics, heat transfer co
efficients, heat sink resistance, and the above equations, we can calcu
late the unknown parameters using nonlinear algebraic solvers. Note 
that the heat transfer coefficients between the pipe, box, thermoelectric, 
and environment depend on the physical and thermal properties of the 
air, the flow regimes inside the box and the pipe, and the inlet tem
perature of the combusted gas. 

5. Results and discussion 

In the previous sections, the experimental method and the mathe
matical modeling of the proposed system were presented. In this section, 
the results of this study are discussed. 

5.1. Calculations of the generated voltage 

This study aimed to express the generated electrical voltage as a 
function of inlet temperature and ambient temperature through exper
imental and mathematical procedures. Initially, in this section, via two 
methods (mathematical modeling and Buckingham Pi theorem) and 
experimental results, several equations are obtained to estimate the 
output voltage in terms of air temperature and operating parameters of 
the proposed system. Following the use of the obtained equations, the 

Fig. 7. The thermoelectric module’s energy balance.  

Fig. 8. Energy balance for heat sink.  
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performance of the device under different conditions will be estimated. 

5.1.1. Calculation of generated voltage using mathematical modeling 
According to Eq. (29), the thermoelectric’s generated voltage is 

calculated as follows: 

V = αmΔT − Iρm = αm(Th − Tc) − Iρm (29) 

Based on the above equation, the hot side temperature of the ther
moelectric module is expressed as follows: 

Th = Vα− 1
m +

Iρm

αm
+Tc (36) 

Combining Eqs. (35) and (36): 

Tc = (1 − A0V)
− 1( Ta + A1V2 + A2V

)
(37)  

where 

A0 = αmRheatsinkR− 1
system

A1 = 0.5ρmRheatsinkR− 2
system

A2 = γmRheatsinkα− 1
m + γmRheatsinkρmα− 1

m R− 1
system

(38) 

The hot side temperature of the thermoelectric module can be 
correlated by combining Eqs. (11), (21), (25), and (26): 

Th = (B1 + B2V)− 1( B0Tin − B3Tc − B4V2) (39) 

Where, 

B0 = 2ṁCphcon,p

B1 = 8γmṁCpA− 1
p + 2ṁCphcon,p + 4γmhcon,p + 8γmṁCphcon,pA− 1

p h− 1
t,p− b

B2 = 8αmṁCpA− 1
p R− 1

system + 4αmhcon,pR− 1
system + 8αmṁCphcon,ph− 1

t,p− bA− 1
p R− 1

system

B3 = − 4γmhcon,p − 8γmṁCpA− 1
p − 8γmṁCphcon,pA− 1

p h− 1
t,p− b

B4 = − 2ρmhcon,pR− 2
system − 4ρmṁCpA− 1

p R− 2
system − 4ρmṁCphcon,ph− 1

t,p− bA− 1
p R− 2

system

(40) 

The generated electrical voltage as a function of inlet temperature 
and ambient temperature can be correlated with Eqs. (29), (37), and 
(39): 

D0V = D1V2 + D2V3 + D3V4 + D4Tin + D5TinV + D6TaV + D7Ta + D8TinV2

+ D9TaV2

(41)  

where 

D0 = B1 + B1R− 1
systemρm + αmB1A2 + αmB3A2

D1 = − αmB3A1 + αmB3A0A2 + B1R− 1
systemρmA0 + 2B1A0 + B1R− 1

systemρmA0

− B2 − B2R− 1
systemρm − αmB4 − αmA1B1 + αmB1A2A0 − αmA2B2

D2 = αmB3A0A1 − B1A2
0 − B1R− 1

systemρmA2
0 + B2R− 1

systemρmA0 + 2B2A0

+B2R− 1
systemρmA0 + αmB4A0 + αmB4A0 + αmA1B1A0 + αmA2B2A0 − αmA1B2

D3 = − B2A2
0 − B2R− 1

systemρmA2
0 − αmB4A2

0 + αmA1B2A0

D4 = αmB0

D5 = − 2αmB0A0

D6 = αmB1A0 − αmB2 + αmB3A0

D7 = − αmB3 − αmB1

D8 = αmB0A2
0

D9 = αmB2A0

(42) 

It is deduced from Eq. (41) that the generated voltage is a nonlinear 
function according to the inlet temperature, thermoelectric properties, 
ambient temperature, radiative and convective heat transfer co
efficients, and heat sink resistance. Furthermore, if the changes of D6, 
D5, D4, D3, D2, and D1 with respect to ambient conditions and temper
ature are negligible, the voltage generated could be considered as a 

nonlinear function of inlet temperature and ambient temperature. 

5.1.2. Estimation of the generated voltage with Buckingham Pi theorem 
The dimensional analysis leads to the elimination of complexity and 

the reduction of the number of experimental variables affecting a certain 
physical phenomenon. If a phenomenon depends on n variables with k 
dimensions, dimensional analysis reduces the number of variables to 
n − k dimensionless variables depending on the complexity of the 
problem. Although the goal of dimensional analysis is to decrease the 
number of variables and group them dimensionless, it also has many 
advantages, such as saving time and money and helping in designing an 
experiment or theory. In addition, the most important advantage of this 
method is that with the help of similarity rules resulting from the 
dimensional analysis, the data related to a small and inexpensive model 
can be converted into the design data of a real sample [44]. 

The previous section revealed that the generated voltage is a function 
of various parameters, such as dimensions, thermoelectric properties, 
heat sink resistance, input gas stream temperature, and ambient tem
perature. 

V = f (Ta,Tin − Ta,Dh,Rheatsink,D, αm, γm, ρm) (43) 

Table 4 represents the main dimensions of the considered 
parameters. 

Via Buckingham Pi theorem, non-dimensionless parameters can be 
defined as follows [44]: 

π1 =
Tin − Ta

Ta

π2 =
D
Dh

π3 = γmRheatsink

π4 = T − 0.5
a γ− 0.5

m ρ− 0.5
m V

π5 = T0.5
a γ− 0.5

m ρ− 0.5
m αm =

̅̅̅̅̅̅̅̅
ZTa

√

(45) 

As a result, according to these relations and that π4 is a function of π1,

π2,π3andπ5: 

π4 = f (π1, π2, π3, π5)

T − 0.5
a γ− 0.5

m ρ− 0.5
m V = f

{
Tin − Ta

Ta
,

D
Dh

, γmRheatsink,T0.5
a γ− 0.5

m ρ− 0.5
m αm

} (46) 

The function f(π1, π2, π3, π5) is obtained based on the experimental or 
modeling results employing a curve fitting method (generally using 
multivariable regression method). Through this function, the amount of 
generated voltage can be obtained in different conditions. The advan
tage of using the Buckingham Pi theorem is that the function is 
dimensionless. Thus, it can be applied in any device with similar geo
metric and dynamic compared to the existing system (similarity between 
model and prototype). 

Table 4 
Main dimensions of parameters.  

Parameters Symbol Unit Dimensions 

Generated voltage V  V  ML2T− 3A1  

Ambient temperature Ta  K  θ  

Input and ambient temperatures Tin − Ta  K  θ  

Hollow box hydraulic diameter Dh  m  L  
Heatsink resistance Rheatsink  Ω  θT3M− 1L− 2  

Pipe diameter D  m  L  
Seebeck coefficient αm  m2 .s− 1  ML2T− 3A− 1θ− 1  

Thermal conductivity γm  W.K− 1  ML2T− 3θ− 1  

Electrical resistance ρm  Ω  ML2T− 3A− 2   

F. Delfani et al.                                                                                                                                                                                                                                  



Applied Energy 302 (2021) 117561

9

5.2. Experimental results 

Experiments were performed on October 3, 2020, in a room with a 
controlled environment and ambient temperature 22◦C. The values of 
electrical current and output voltage, thermoelectric hot and cold side 
temperatures, and pipe surface’s temperature have been measured in 
different time intervals. 

Fig. 9 represents the variations of the electrical voltage and current 
during the experiment for each thermoelectric module. As shown in this 
figure, once the experiment has started, the electrical voltage and cur
rent rapidly increased. After 40 min, these values were approximately 
being constant about 195 mV and 44 mA, respectively. 

Fig. 10 shows the variations of the generated voltage and tempera
ture differences between the two sides of the thermoelectric modules 
during the experiment. As shown in this figure, the temperature differ
ence increases during the experiment and stabilizes (between 43 and 45 
K) after 40 min. Moreover, as the temperature difference increases, the 
output voltage rises. 

Fig. 11 presents the variations of the temperature at the tube inlet, 
the tube surface, and the hot and cold sides of the thermoelectric 
modules during the experiment. The results indicate that the surface 
temperature of the tube and the hot and cold temperature of the ther
moelectric increase over time. These changes are stabilized after 40 min. 
Besides, the surface temperature of the tube deviates 6◦ C from the 
temperature of the hot side of the thermoelectric, and the temperature 
difference of the two sides of the thermoelectric is estimated as 16◦ C. 

5.3. Convection heat transfer inside the hollow box 

Eq. (15) implies that in order to derive the energy balance inside the 
hollow box, the convective heat transfer coefficient needs to be esti
mated between the pipe and the outer surface of the box. Herein, the 
experimental results were applied to calculate the Nusselt number and 
convective heat transfer coefficient inside the hollow box. For the hol
low box, with applying experimental data and multi-variable linear 
regression method, the following equations are appropriated: 

Nub = 2.7867Ra0.6986

hcon,p− b =
NubK

Dh
Errormax = − 6.8%

Dh =
4Ab

Pb
R2 = 0.92,

The Nusselt number is obtained according to the above equations 

and experimental data shown in Fig. 12. There is a maximum error of 
6.8% in the estimation of the Nusselt number which implies the accu
racy of Eq. (47). 

5.4. Proposing several models to predict the generated voltage 

The objective of this work is to present a model for predicting the 
generated voltage. As described in the previous sections, in this study, a 
device was built, which generated the required electrical voltage with 
the cathodic protection system from the heat output of the combustion 
gases. According to Eq. (41), the generated voltage is a function of 
ambient air temperature and hot air temperature entering the device. In 
this section, three methods for obtaining this function are presented, and 
three mathematical models are developed. With these models, the per
formance of the system can be estimated under different environmental 
and thermal conditions, without solving the set of nonlinear equations 
presented in the fourth section or without the need to perform several 
experiments in various environmental conditions. To obtain the three 
mathematical models, a computer code is developed to solve the 

Fig. 9. Variations of voltage and current during the experiment for each 
thermoelectric. 

Fig. 10. Variations of the temperature difference between the two sides of 
thermoelectric during the experiment. 

Fig. 11. Variations of temperature during the experiment.  
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equations presented in the fourth section. Several equations are then 
proposed for the estimation of the generated voltage by use of multi
variable nonlinear regression method and the results of the computer 
solver. 

5.4.1. Developing a computer code to solve the mathematical modeling 
equations 

Table 5 demonstrates various conditions used as the input data for 
the computer code. In this table, Dh, D, Ap, αm,ρm, and γm are the char
acteristics of the device, Tin, Tp, and Ta are the pipe inlet temperature, 
the pipe surface temperature and ambient temperature, respectively. 
RHeatsink was also calculated by the experimental results and Eqs. (23), 
(26), (27), and (33). Fig. 13 shows a flowchart diagram applied to 
develop the computer code. 

The data of the experiments and developed computer code was 
compared and revealed in Table 6. Based on the results, there is a 0.75% 
maximum error in predicting the generated voltage and a 0.77% 
maximum error in predicting the temperature difference between the 
two sides of the thermoelectric modules. 

5.4.2. First model: Linear curve fitting 
According to Eq. (41), the generated voltage can be nonlinearly 

calculated with the input combusted gas temperature and the ambient 
temperature within the specified range. Considering the results of 

mathematical modeling, calculated by the code, and multi-variable 
linear regression method, the generated voltage is obtained through 
the following equation:  

R2 = 0.99, Errormax = 1.22%,

290⩽Ta⩽313 320⩽Tin⩽350 (48)  

where V, Tin, and Ta are expressed in mV, K, respectively. The results of 
the experimental data and the above equation have been compared in 
Fig. 14. The results implied that there is a 1.22% maximum error in the 
prediction of the generated voltage using Eq. (48). The most important 
causes of error in this model are considering simplifying assumptions, 
such as: the neglect of radiative heat transfer, utilizing one-dimensional 
heat transfer model, and the presence of heat loss in the device. On the 
other hand, the presence of computational errors, such as round-off 
errors and truncation errors in nonlinear equation solving algorithm 
are another cause of errors. However, this equation is in accordance with 
the experiment results to estimate the generated electrical voltage. This 
method requires applying nonlinear equation solving techniques, hence, 
its application is complex, time-consuming, and quite challenging. 

5.4.3. Second model: Exponential curve fitting 
Solving the nonlinear equation of the previously proposed model is 

complex, therefore, a new simpler model is proposed, which does not 
require such a difficult process. Considering the results of mathematical 
modeling, calculated by the code, and multi-variable linear regression 
method, the generated voltage can be obtained through the following 
equation: 

V = T5.2
in × T − 5.62

a R2 = 0.98, Errormax = 9.11%,

290⩽Ta⩽313 320⩽Tin⩽350
(49)  

where V, Tin, and Tair are expressed in mV and K, respectively. Experi
mental results and the equation above have are compared in Fig. 15. 
They revealed a maximum error of 9.11% in the prediction of generated 
voltage. The most important causes of error in this model (the same as 
previous model) are considering simplifying assumptions, such as the 
neglect of radiative heat transfer, utilizing one-dimensional heat transfer 
model, and the presence of heat loss in the device. On the other hand, the 
presence of computational errors, such as round-off errors and trunca
tion errors in nonlinear equation solving algorithm are other causes of 
errors. In addition to the errors above, there is an additional error due to 
the use of multivariable regression method. 

5.4.4. Third model: Buckingham Pi theorem 
The system performance can be estimated under different geometric, 

Fig. 12. Comparison between experimental data and Eq. (47) in the estimation 
of Nusselt number inside the hollow box. 

Table 5 
Values of different parameters for the various test steps used in the computer code.  

Time (min) Case RHeatsink(Ω)  Tp(K)  Dh(m)  D(m)  αm(m2.s− 1)  ρm(Ω)  γm(W.K− 1)  Ap(m)  Ta(K)  Tin(K)  

5 1  0.583 318.3  0.03  0.06  0.01926  2.2  0.8436  0.01884 301 323.6 
8 2  0.675 324.2  0.03  0.06  0.01687  2.2  0.8436  0.01884 301 329.4 
15 3  0.805 331  0.03  0.06  0.01547  2.2  0.8436  0.01884 301 339 
23 4  0.970 336.1  0.03  0.06  0.01498  2.2  0.8436  0.01884 301 344 
33 5  1.132 340.8  0.03  0.06  0.01557  2.2  0.8436  0.01884 301 348.6 
38 6  1.194 342.3  0.03  0.06  0.0154  2.2  0.8436  0.01884 301 350.6 
50 7  1.287 344.3  0.03  0.06  0.01529  2.2  0.8436  0.01884 301 352.6 
60 8  1.314 345.7  0.03  0.06  0.01514  2.2  0.8436  0.01884 301 353.4 
80 9  1.299 346.8  0.03  0.06  0.01489  2.2  0.8436  0.01884 301 354.6  

V = 7.96 × V2 − 15.95 × V3 + 23.05 × V4 − 0.00002 × Tin + 0.0001 × TinV + 0.002 × TaV + 0.00006 × Ta
+0.00003 × TinV2 − 0.014 × TaV2   
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Fig. 13. Flowchart of the developed computer code used to solve mathematical modeling nonlinear equations.  

Table 6 
Comparison between the code output data and the experimental data.  

Case  Tc(K) Th(K) ΔT(K) ErrorT Voltage mV  Error voltage 

1 Experimental results 
Computer code results 

306 
305.9 

316 
315.9 

10 
10 

0% 0.1420 
0.1425  − 0.35% 

2 Experimental results 
Computer code results 

308.5 
308.5 

321.5 
321.6 

13 
13.1 

− 0.77% 0.16 
0.1612 

− 0.75% 

3 Experimental results 
Computer code results 

312 
312 

328 
327.9 

16 
15.9 

0.62% 0.175 
0.1758  − 0.46% 

4 Experimental results 
Computer code results 

315.5 
315.5 

333 
332.9 

17.5 
17.4 

0.57% 0.183 
0.1833 

− 0.16% 

5 Experimental results 
Computer code results 

319 
318.8 

337.6 
337.5 

18.6 
18.7 

− 0.54% 0.195 
0.1941 

0.46% 

6 Experimental results 
Computer code results 

320.2 
320.1 

339 
338.8 

18.8 
18.7 

0.53% 0.195 
0.1947 

0.15% 

7 Experimental results 
Computer code results 

321.9 
322 

340.9 
340.9 

19 
18.9 

0.53% 0.196 
0.1965 

− 0.26% 

8 Experimental results 
Computer code results 

322.8 
322.8 

342.2 
342.3 

19.4 
19.5 

− 0.52% 0.197 
0.1977 

− 0.36% 

9 Experimental results 
Computer code results 

323.2 
323.2 

343.2 
343.3 

20 
20.1 

− 0.5% 0.201 
0.2015 

− 0.25%  
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environmental conditions through non-dimensioning the equations and 
parameters affecting the device performance. The forementiond Buck
ingham Pi theorem is one of the significant and well-known methods of 
the non-dimensioning of equations, and, with this method, non- 
dimensionless parameters governing the system can be obtained and 
discussed. 

Eq. (46) implies that π4 is a function of π1,π2,π3, and π5. Moreover, 
the developed computer code was solved, and according to its results 
and through the use of multi-variable linear regression method and the 
achieved tip from Eq. (46), the generated voltage can be estimated based 
on the following equations:   

R2 = 0.99, Errormax = 10%,

0.03⩽
Tin − Ta

Ta
⩽0.18 0.8571⩽

D
Dh

⩽3

0.08436⩽γmRheatsink⩽1.265 0.1767⩽
̅̅̅̅̅̅̅̅
ZTa

√
⩽0.2473

(50)  

where Ta, Tin, γm, ρm, V, D, Dh, Rheatsink, and αm are ambient temperature, 
inlet temperature, the thermal conductivity of thermoelectric, the 
electrical resistance of thermoelectric, voltage generated, the diameter 
of the pipe, the distance between the inner and outer surface of the box, 
heat sink resistance and Seebeck coefficient, respectively. Fig. 16 rep
resents a comparison between the results of the experimental data and 
the above equations. The results showed a maximum error of 10% in the 
prediction of π4. The most important causes of error are the presence of 
computational errors, such as round-off errors and the errors associated 
with the measuring devices. 

Fig. 17 represents the effect of changes in π1, π3, and π5 on the 
dimensionless parameter of π4. Dimensionless parameters π1, π3, and π5 
indicate the ratio of temperature difference to ambient temperature, the 
effect of heat sink resistance, and the effect of thermoelectric properties 
(figure of merit), respectively. This figure shows the effect of changing 
the parameters above on the generated electrical voltage. They also help 
designers to estimate the produced voltage in any device with the dy
namic and geometric similarity to the system utilized in this study. The 
results show that π1 has a direct effect on π4, which means that as the 
temperature difference (between the inlet gas and the environment) 
increases, the generated voltage will also rise. However, the effect of π3 
on π4 is reversed, which means that the output voltage decreases with 
increasing heat sink resistance. By increasing the heat sink resistance, 
the temperature difference between the two sides of the thermoelectric 
module decreases affecting the generated output voltage. Moreover, The 
results imply that π5 has a direct effect on π4. This means that as the 
figure of merit increases, the generated voltage will also rise. 

Fig. 14. Comparison between the voltage of Eq. (48) with the experi
mental data. 

Fig. 15. Comparison between the voltage of Eq. (49) with the experi
mental data. 

Fig. 16. Comparison between π4 of Eq. (50) with the experimental data.  

π4 = π1.5
1 × π0.062

2 × π− 0.88
3 × π1.278

5

T − 0.5
a γ− 0.5

m ρ− 0.5
m V =

(
Tin − Ta

Ta

)1.5

×

(
D
Dh

)0.062

× (γmRheatsink)
− 0.88

×
( ̅̅̅̅̅̅̅̅

ZTa
√ )

1.278   
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Fig. 17. Variations of π4 in different values of π1 when π2 = 1.977 and a) π5 = 0.18, b) π5 = 0.22, c) π5 = 0.25, d) π3 = 0.08, e) π3 = 0.68, f) π3 = 1.27.  
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5.4.5. Comparison between the proposed models 
In the previous sections, three models were proposed to estimate the 

generated voltage as a function of ambient and inlet temperature. The 
first model has higher accuracy than the other models. On the other 
hand, the second model is much simpler to solve than the others. 
Although, the third model requires numerical solution and it is more 
complex than the rest, it can be used in the cathodic protection devices 
with different types of thermoelectric and heatsinks. Thus, it has more 
generality. The description above is summarized in Table 7. 

6. Conclusion 

The objective of the study was to evaluate the performance of an 
impressed current thermoelectric cathodic protection system. Herein, 
the experimental and mathematical modeling were employed to derive 
several models for estimating the device’s performance. Moreover, by 
use of Buckingham Pi theorem, five dimensionless parameters of the 
system were also achieved. The main results of this study are as follows:  

• The generated voltage, electrical current, and temperature difference 
have been rapidly increased during the experiment up to 201 mV, 44 
mA, and 20 K, respectively.  

• A new correlation was proposed to calculate the convective heat 
transfer inside the hollow box with a maximum error of 6.8%.  

• A computer code was developed based on the mathematical 
modeling for the proposed impressed current cathodic protection 
system with the maximum error of 0.57% in the estimation of the 
generated voltage. 

• The generated voltage is defined as a linear function of the di
mensions, thermoelectric properties, heatsink resistance, input gas 
stream temperature, and ambient temperature.  

• Through the use of mathematical modeling, three models have been 
proposed to predict the generated voltage. First model has a higher 
accuracy; second model comprises the ease of calculation with lower 
accuracy while the third model has more generality.  

• Two correlations were proposed to calculate the generated voltage as 
a function of ambient and inlet gas temperatures with the maximum 
error of 1.22% (First model) and 9.11% (Second model), 
respectively.  

• A dimensionless correlation was presented to calculate the generated 
voltage with the maximum error of 10%. With this model, the 
generated voltage could be predicted in similar devices with 
different types of thermoelectric (different figure of merit (Z)), 
heatsink resistances, pipes diameters and different environmental 
conditions. 

• The results implied that the increase in temperature difference (be
tween the inlet gas and the environment) will result in an increase in 
the generated voltage indicating a direct effect of the temperature 
difference on the generated voltage.  

• The results also indicate the inverse and direct effects of the heat sink 
resistance and the figure of merit (Z) on the generated electrical 
voltage, respectively. 

The aim of this study was to open a new path in modeling the 
application of thermoelectric modules in cathodic protection devices. 
There is a suggestion for further work on the application of the ther
moelectric technology in the impressed current cathodic protection 
systems:  

• The evaluation of the protection effect of the proposed system and 
the corrosion rate of the protected pipe  

• The replacement of renewable energies, such as solar energy instead 
of combusted gases in the thermoelectric cathodic protection systems 
and the evaluation of their performance under different conditions. 
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