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HIGHLIGHTS

« A domestic thermoelectric cogeneration system is suggested.

« The concept is drawn and the corresponding thermal modeling is developed.

« An optimization analysis is carried out using the thermal modeling.

« Results show that water can be heated to up to 97 °C.

« When TEGs are placed at the pipe inner wall, the concept is the most cost-effective.
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In this paper, a domestic thermoelectric cogeneration system (DCS) is suggested. This system permits to
use the lost heat of exhaust gases to simultaneously heat water and produce electricity via thermoelectric
generators (TEG). To proceed, the concept of the system is drawn and the corresponding thermal model-
ing is developed. An optimization analysis, based on the position of the thermoelectric generators within
the system, is carried out using the thermal modeling. The TEGs are places on the inner or outer walls of
the tank or the pipe (cases 2-5), or on all of them (case 6). Results show that water can be heated to up to
97 °C, when TEGs are located on the inner wall of the tank. More the TEGs are nearer to the exhaust gases,
higher is the total power produced by the TEGs and lower is the water temperature. The power produced
by one TEG in direct contact with the exhaust gases is 0.35 W and the water temperature is 76 °C. Also, a
DCS with TEG located at all layers can generate up to 52 W and 81 °C hot water, however this configura-
tion has high initial cost. An economic and environmental concerns are considered. Results show that DCS
with TEGs located on the inner wall of the pipe has a payback period of 1 year and 8 months when water
is heated 60 times per month. In addition to that, it was shown that the location of TEGs do not affect the
amount of CO, gas reduced which is about 6 tons yearly. Finally, this study shows that the configuration
where TEGs are placed at the inner wall of the pipe is the most cost-effective energy recovery
configuration.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Background

1.2% with an expected increase in population to 8.9 billion in
2050 and it certainly indicates to a high and growing rate in
the demand on energy. Energy management, sustainability and
renewable energy are excellent solutions envisaged to remedy

The driving forces to seek new sources of energy are energy
depletion, high cost of energy, and strict laws related to energy
issued by governments. World population has a growth rate of
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to the energy increase since the new adopted solutions need
to be sustainable in order to meet energy demand of future
generations.

Renewable energy, which includes solar, wind, wave, biomass,
and others, is being an effective new source of energy nowadays
[1-5]. However, this source is facing some limitations related to
its availability, location, low efficiency, high initial cost, and other
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Nomenclature

area [m?]
convection heat transfer coefficient [W/m? K]
density [kg/m?]
heat transfer rate [W]
length of the tank [m]
mass [kg]
number of items
power produced [W]
1e¢  power produced by one TEG [W]
radius [m]
temperature [°C]

St mwUwz3rCaeas >

AT temperature difference at the sides of the TEG [°C]
k thermal conductivity [W/m K]

R thermal resistance [K/W]

e thickness of the TEG [m]

1% volume [m?]

Subscripts

a ambient

cold

convair  convection between air and tank’s wall
convii convection between gases and pipe’s surface
convection between water and pipe’s surface

conv,w-p
convw-w Convection between water and tank’s wall
g gases

H hot

p.i inner pipe

wi inner tank wall

p.o outer pipe

w0 outer tank wall

p pipe

sur,Pi pipe inner surface

sur.Po pipe outer surface

wall,i tank wall inner surface

wall,o tank wall outer surface

TEG thermoelectric generator

w water

major limitations that makes researchers vigilant in the
implementation.

Energy management is a technique implemented actually to
assist renewable energies [6-9]. This technique is highly related
to finding ways of enhancing the way of using energy and/or recov-
ering lost energy. Many residential and industrial applications
depend on thermal energy, in which part of this energy is being
used and the other is dumped in environment without taking
advantage of it. This thermal energy lost can be dumped either
by exhaust gases, or cooling air, or cooling water. Heat recovery
can be applied on many applications with different methods for
a variety of recovery purposes. Jaber et al. [10] presented a review
on heat recovery systems classifying them according to the quality
of energy lost (temperature of gases), equipment used, and pur-
poses of the heat recovery. Heat recovery purposes could be for
generating electricity, heating, cooling, or storing energy for a later
use, or even by a combination of more than one purpose as a
hybrid heat recovery system.

1.2. Heat recovery from exhaust gases

Heat lost in mechanical systems is usually through exhaust
gases as in boilers [11-14], heat pump [15,16], industrial furnace
[17,18], generators [19-21], internal combustion engines (ICE)
[22-28], chimneys [29,30], and other applications [31-35] or by
heating, ventilating, and air conditioning (HVAC) systems [36,37],
and hot water [38-42]. Hossain and Bari [43] performed an exper-
imental study on heat recovery from exhaust gases of a 40 kW die-
sel generator using different organic fluids. In a shell and tube heat
exchanger, water, ammonia and HFC 134a were utilized as work-
ing fluids. Results show that using water can produce 10% addi-
tional power compared to ammonia (9%) and HFC 134a (8%).
Prabu and Asokan [44] carried out a study of heat recovery from
ICE using phase change material. It was shown that about 4-7%
of the heat lost was recovered, and the maximum energy saved
at full load in thermal storage tank achieved 0.5 kW. In addition,
the heat recovery process suggested can be enhanced by increasing
the effective area of the heat recovery heat exchanger. Najjar et al.
[45] presented a heat recovery system applied to gas turbine in
order to cool inlet air temperature to the turbine engine. Two
cycles were constructed: the first cycle permits to produce power

by propane organic Rankine cycle which will be used in the second
cycle; the second cycle is a gas refrigeration cycle used to cool the
air entering the turbine engine. It was found that 35% and 50%
increase in the net power and overall efficiency were achieved
respectively, by dropping the inlet air temperature 15 °C. Econom-
ical study showed that about two years are required to payback the
project. Gao et al. [46] performed a review on heat recovery from
stoves using thermoelectric generators (TEG). Thermoelectric gen-
erators are utilized to drive a fan that pushes air to the furnace,
optimizing the air to fuel ratio which improved combustion effi-
ciency. TEGs can also be used to power a light or radio or other
low electric consuming machines. Khaled et al. [30] carried out
an experimental study about heat recovery from exhaust gases of
a chimney for generating domestic hot water. Results show that
by one hour temperature of water increased 68 °C, and 70% of
the heat gain by water was from the bottom side of the prototype
used (heat transfer by convection and radiation).

1.3. Power generation using thermo-electricity

Many studies were performed on thermoelectric generators
[47-51]. Jang and Tsai [52] performed a parametric study for the
thermal and electrical properties of thermoelectric module utiliz-
ing waste heat experimentally and numerically. The effect of
changing the size of spreader was studied to show that when using
a proper size of the spreader the thermal resistance decreases and
the maximum total power increases (up to 50%). Lu et al. [53] car-
ried out a numerical study on the effect of heat enhancement for
exhaust gases on the performance of thermoelectric generators.
Two types of heat transfer enhancements (rectangular offset-
strip fins and metal foams) are investigated. Results show that
metal foam with low porosity would maximize the power pro-
duced by TEG more than the rectangular offset-strip. Navarro-
Peris et al. [54] presented a study about producing electricity by
TEGs that utilized heat lost from a compressor, which increases
the efficiency of refrigeration and heat pump system. An experi-
mental study was carried out varying the heat sink type. Low
power was produced when the system is cooled naturally (natural
convection), around 80 W/m? and when the heat sink is subjected
to forced convection the power per area increased to 280 W/m?
with an increase in temperature difference (44 °C). When cooled
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water was utilized as heat sink temperature, the power produced
increased up to 1180 W/m?. Ma et al. [55] performed a theoretical
study on heat recovery from biomass gasifier using thermoelectric
generators. The outlet temperature from the gasifier is up to 500
°C. A thermoelectric generator system composed of eight thermo-
electric modules is utilized to recover this lost heat. Results
showed that the maximum total power produced is 6.1 W with a
power density of 193 W/m?2,

1.4. Motivation

As shown in the literature review presented above, considerable
researches are devoted to heat recovery from exhaust gases and
power generation using thermoelectric modules. Scarce are the
studies that couple between these two energy research fields
[56-58]. In this context, the present work suggests a new concept
that permits to simultaneously heat water and generate electrical
power, as a domestic thermoelectric cogeneration system. To pro-
ceed, the concept of the system is drawn and the corresponding
thermal modeling is developed. An optimization analysis, based
on the position of the thermoelectric generators within the system,
is carried out using the thermal modeling. Finally, economic and
environmental concerns are considered. It was shown that the con-
figuration where TEGs are placed at the inner wall of the pipe is the
most cost-effective energy recovery configuration.

2. Domestic thermoelectric cogeneration system

This section is devoted to the description of the suggested
Domestic Thermoelectric Cogeneration System (DTCS). This system
is a hybrid heat recovery system utilized to generate domestic hot
water and produce electricity from the exhaust gases known as
domestic thermoelectric cogeneration system (DTCS). The goal of
this hybrid heat recovery system is to heat water mainly and then
produce electric power as much as possible (Fig. 1).

Exhaust gases that pass through a pipe release its thermal
energy to water that surrounds the pipe located inside a cylindrical
tank. At the same time, electricity is produced by thermoelectric
generators located as a cylindrical layer over a surface. The main
aim from this study is to make a comparison between the temper-
ature of the water and the power produced by TEGs by changing
the location of the thermoelectric generators. The location of the
thermoelectric generators can be inside or outside the wall of the
pipe or inside or outside the wall of the cylindrical tank, or even
located at all sides of the pipe and the cylindrical tank. Fig. 2 shows
a heat recovery system that generates water heating. Such system
will be improved by adding TEGs either on the surfaces of the pipe
or the tank in their inner and outer side, or at all positions. Such
hybrid heat recovery system can be coupled with many industrial
and residential applications that generates high amount of exhaust
gases or even relatively low amount of exhaust gases (Fig. 3). Gas
or steam power plants, diesel power plants, industrial furnace
(glass, steel furnace...), power generators, internal combustion
engines, chimneys are applications capable to be coupled with

Fig. 1. Hybrid heat recovery goals.
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Fig. 2. Heat recovery system.

the hybrid heat recovery system. In this study the domestic ther-
moelectric cogeneration heat recovery system will be imple-
mented on a chimney, in which exhaust gases from the chimney
are utilized to heat water and produce electricity via TEGs.

Six cases will be taken into consideration, the first is a simple
heat recovery system utilized just to generate domestic hot water
which will be the reference for other cases. The remaining cases are
hybrid heat recovery systems in which the location of the TEG is
changed. Table 1 shows each case and its corresponding TEGs loca-
tion. Thermoelectric generators are passive devices used to gener-
ate electricity when they are sandwiched in a temperature
difference [59]. In each of the hybrid cases [2-6], the heat source
and heat sink is changed. In case 2, the heat source is the wall of
the cylindrical tank and air is the heat sink, whereas in case 3 water
is the heat source and cylindrical tank wall is the heat sink. In cases
4 and 5, the heat source is pipe wall and the exhaust gases respec-
tively whereas the heat sink is the water and pipe wall respec-
tively. Finally, case 6 is a combination of the previous cases 2, 3,
4, and 5.

3. Thermal modeling

A thermal modeling is done in order to obtain the water tem-
perature and the power generated by the thermoelectric genera-
tors. It is assumed that the exhaust gases are of constant
temperature and mass flow rate (steady state) and one dimen-
sional heat flow. Steps required to calculate water temperature
and power output is as follows:

. Thermal modeling of each case in terms of thermal resistance.

. Calculation of the total thermal resistance (Ro¢qr)-

. Calculation of the heat flow rate (q).

. Calculation of the temperature at each point.

. Calculation of the temperature difference at the surfaces of the
TEG.

. Calculation of the power generated by one TEG (P; 1xc).

. Calculation of the number of TEG available (Npgg).

8. Calculation of the total power produced by TEGS (Piotar)-

U WwWh =

N o

Starting by the thermal modeling, Table 2 shows the thermal
modeling of each case in terms of thermal resistance where Tg;,
Tsur.pir Tsur.ros Tws Twaiti Twanor Tay Ty @nd T, are the temperature of
exhaust gases, inner pipe surface, outer pipe surface, water, inner
cylindrical tank surface, outer cylindrical tank surface, ambient,
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Fig. 3. Applications of the hybrid heat recovery system.

Table 1
Location of TEGs in each studied case.

Case TEG position
number

1 (reference) Without TEG

Thermal layers

2 At the outer radius
of cylinder’s wall

3 At the inner radius
of cylinder’s wall

4 At the outer radius
of pipe’s wall
5 At the inner radius

of pipe’s wall

6 At the inner and outer
radius of the pipe and
cylinder

hot side of TEG, and cold side of TEG respectively. Reony,i, Ry, Reonv,w-
p Reonvw-w, Rwai, and Reonv,air, Rrec are the thermal resistance of
internal convection of gases in pipe, conduction in the pipe wall,
convection between water and pipe, convection between water
and cylindrical tank wall, conduction in the cylindrical tank wall,
convection of tank with air, and conduction in thermoelectric
generator respectively.

The heat flow rate (q) can be calculated with the following
equation:

AT

RTotal

(1)
where AT is the temperature difference between exhaust gases and
ambient air:

AT =T, —Ta (2)

and R;y:q is the summation of the thermal resistance in each case,
described below for the studied cases.

For case 1, Fig. 4 shows a cross section of the system where the
temperature points are viewed.

Rconv,is Rp- Rconv,w—pv Rconv,w—w, Rwall' and Rconv,air are as fOHOWS:

1
ot = 2 d) .
I
_ pi
Ro = 27kpL @
R = ; (5)
MNP By, (27ry,L)
R, = ; (6)
conv,w—-w — hw(ZTETW_iL)
iz
Rua = 27'CkWL (7)
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Table 2
Thermal modeling of each case.
Case number TEG position Thermal equivalent circuit
1 Without TEG Tg,i Tsur,Pi TsurPo  Tw Twall,i Twalllo Ta
AWM — =AW —o— AW — o— AN —o—\N—
Rconv,i Rp Rconv,w-p Rconv,w-w Rwall R conv.air
2 At the outer radius of cylinder’s wall Tgi Tsur,Pi TsurPo Tw Twall,i  TH Tc T
W= AW — =N — A= e— AN — — N —o—\N—
Reonvi RP  Reonyw-p Reon,w-w Ryall RTEG R conv,air
3 At the inner radius of cylinder’s wall Tg,i Tsur,Pi TsurPo Tw TH Tc Twallo Ta
AW —AW— =AW — oW —o— M — =N W—o—\N—o
Reonvi Rp Recomvwp g o s RTEG Rwall R convair
4 At the outer radius of pipe’s wall Tg,i TsurPi TH Tc ™w Twallij Twallo Ta
O—'V‘M-va—'—’vw—o—’VWho—R’WV‘—H W—e—\W—
Rconv,i Rp RTEG | o rwwTEG convwwo wall R conv,air
5 At the inner radius of pipe’s wall Tgi TH Tc TeurPo  TW Twalli Twallo Ta
._N\N_._JV\M_._JV\M_._IV\NL._;N\N;._I\’AN_._J'AM-Q
Rconv,i RTEG Rp R comuw-p COMmeN wall R conv,air
6 At the inner and outer radius of the pipe and cylinder Tgi THT %1 142 T2 Tw  TH3 13 TH4  Ted »

AN oW e W= AN oW e W= AN =AW= e W—e—AW—
Rconv,i RTEG1 RTEG2 Rconvw-p RTEG3 Rwall RyeGa R conv,air
R conv,w-w

Water

Tank wall

Pipe wall

a,wall Ta

VW= 0—AW— N — o—AW— o—W— g AMN—d

Fig. 4. Top cross sectional view of the cogeneration system in case 1.

1

Rconv,air = W (8)

For case 2, Fig. 5 presents the top view of the tank, it shows the
TEG layer at the outer surface of the tank.

Reonv,ir Rp, Reonv,w-p» Reonv,w-w» and Ryyqy are as case 1, whereas Rrgg,
and Reony,qir are:

Two+e€
In [T,o ]

27'CkTEGL (9)

Rige =

1

he(27(ry, +€)L) (10)

Rcorw,air =

For case 3, Fig. 6 shows the top view of the cylinder where the
TEGs layer are located at the inner surface of the tank.

Reonvi» Rps Reonvw-p» Rwann and Reony,qir are as the reference case 1
whereas Rrgc and Reopyw-w are:

ke ] (a1
ZﬂkTEcL
Rconvw—w = ! (12)
' hw(27(ry; —€e)L)

For case 4, Fig. 7 presents a top cross section of the tank, TEGs
are located at the outer surface of the pipe.

Reonvir Rpy Reonv,w-ws Rwan and Reony,air are as the reference case,
whereas Rrgg and Reony,w-p are:

T'pote€
In [—rw ]

2 TL'kTEcL ( 1 3)

Rige =
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Fig. 5. Top cross sectional view of the cogeneration system in case 2.

TEGs

|

ST TR

Tank wall

T all.o Ta

Fig. 6. Top cross sectional view of the cogeneration system in case 3.

1

Rconv,w-p = m (14)

For case 5, Fig. 8 shows a cross sectional top view of the tank in
which TEGs are located at the inner surface of the pipe in a direct
contact with exhaust gases.

Rp, Reonv,w-p» Reonv,w-w» Rwai and Reony,qir are as the reference case 1,
whereas Rrgc and Reony,i are:

In 724

RTEG Zm (15)

1

hs@7i(ry; — e)L) (18

Rconv,i =

For case 6, Fig. 9 shows the top cross sectional view in which
four layers of TEGs are shown, located at the inner, and outer sur-
face of the pipe and at the inner, and outer surface of the tank.

R, and Ry are as the reference case 1, whereas Reonv,in Rz,
Rconv,w—ps Rconv,w—w and Rconv,air are:

1

he(2m(ry; —e)L) (17)

Rcom/,i =
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Fig. 7. Top cross sectional view of the cogeneration system in case 4.

Tank wall

TEGs
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wallo Ta

=AW=

all R conv,air

Fig. 8. Top cross sectional view of the cogeneration system in case 5.

r—r"j—e} Reonpw-w = o

Rrzg1 = W‘;EGL (18) P (27 (rw — e)L)
T (19) 27kl
RCOHV,W—p = h; (20) RTEG4 = ln [%]
W(zn(rp,ﬂ + e)L) ZﬂkTEGL

285

(21)

(22)

(23)
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Pipe wall

T

Fig. 9. Top cross sectional view of the cogeneration system in case 6.

1

= R @i, 7O ey

Rconu,air
where 1y, Tp,0, T'w,i and 1,0 are the inner, outer radius of the pipe and
inner, outer radius of the tank wall respectively, e is the thickness of
the thermoelectric generator, hg, hy, and h, are the convection heat
transfer coefficient of the exhaust gases, water and air respectively.

Heat flow rate is constant over the system then the temperature
at each point can be calculated:

Ty =Tn-1) — qRy (25)

where “n” is the layer number measured from the exhaust gases to
the air. Then the hot and cold temperature at the sides of the TEG is
estimated, this allows the calculation of the power output of one
TEG:

&), = () )

P
Piec = (—> AT? 27
1TEG AT2 - ( )

where P; 1z is the output power of one TEG, AT is the temperature
difference between the heat source and heat sink of the TEG, and

P e o
( ATZ)Ref is given by the manufacturer of the TEG.

In order to obtain the number of TEGs available, area of TEG
should be calculated in addition to the area of the wall that the
TEGs are located on (A7eg wan), then number of TEGs (Nrgg) will be:

ATEGwall
— 28
Argc (28)

Then the total power generated (P;:q) iS:

Protat = Nrec.Pirec (29)

Nrge =

4. Case study, results and discussion

A case study was considered in order to check the change in the
water temperature and the power generated by changing the

thermoelectric generator location, in which a heat recovery system
form exhaust gases of a chimney in Lebanon has been studied. The
study is composed of two stages experimental and analytical.

4.1. Experimental data

The part related to the parameters of the exhaust gases was
estimated experimentally, in which an experiment was done in
order to measure the temperature of the exhaust gases that flows
out from the chimney. Fig. 10 shows a Diesel chimney used in the
experiment.

The ambient air temperature and the exhaust gases tempera-
ture was measured using a K type thermocouple. The temperature
of the exhaust gases fluctuates during the experiment (Fig. 11)
having an average value of 300 °C.

4.2. Analytical study

It should be noted that the temperature of the exhaust gases
was estimated experimentally. The recovery system parameters
utilized in the experiment are summarized in Table 3.

About 187 L of water are contained in an iron tank. The pipe is
formed from copper to enhance the heat transfer between exhaust
gases and water or TEGs. The thermoelectric generator used is
“TEG1-12611-8.0” 5656 mm. It should be noticed that this study
was carried out on a specific type of TEG. However when the type
of TEG is changed, the thermal resistance, the power produced, the
water temperature, the figure of merit, and the energy conversion
efficiency will change. The exhaust gases temperature is measured
directly before the gases enter the recovery tank, in which this
temperature is taken as average temperature after waiting the sys-
tem to stabilize (temperature fluctuates over time). Table 4 shows
the main results by applying the equations listed above in the pre-
vious section.

By checking the total resistance in each case it shows that Ry
is lowest when there is no TEG, and it starts to increase by adding
TEGs. Also it increases when the location of the TEG become nearer
to the exhaust gases. And it is highest when the thermoelectric
generators are added in all locations (case 6). This increase in total
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Fig. 10. Diesel chimney used in the experiment.
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Fig. 11. Exhaust gases outlet temperature from chimney.
Table 3
Main parameters used in this study [60,61].
Parameter Value Unit
rp.i 0.049 m
Tpo 0.05 m
L 1 m
Tw,i 0.249 m
Tw,o 0.25 m
hg 85 W/m?K
Rywater 300 W/m? K
hair 50 W/m? K
kp 401 W/m K
Kwant 80 W/m K
krec 14 W/m K
T, 300 °C
Tq 25 °C
e 0.005 m
P/AT? 0.0002 W/K?
Arec 0.0031 m?

resistance led to a decrease in heat flow rate from exhaust gases to
the ambient, this means that lower energy is being dissipated to
the environment. This change in total resistance led to a change
in temperature distribution over the system as shown in Table 5
below.

It should be noted that since the temperature of the exhaust
gases are assumed to be constant over the length of the tank this
results will be the same along the length of the tank. Fig. 12 shows
the temperature profile over the cross section of the tank. It shows
that the temperature decrease rapidly at the pipe, this is due to the
low convection heat transfer coefficient of gases at a small distance
(radius of the pipe 25 mm). However in water, temperature
decreases as it become far away from the pipe but with low slope
which is due to the high convection heat transfer coefficient of
water (300 W/m? K).

The main gains from this hybrid heat recovery system are the
water temperature and the output power generated. Table 5 above
shows that water temperature has increased in case 2, and 3 more
than in the reference case 1 because of the heat trapped inside the
tank by adding more thermal resistance at the wall of the tank.
Besides the water temperature has increased more when the TEGs
are located in the inner wall of the tank (case 3). While when the
TEGs are located on the inner or outer surface of the pipe (cases
4 or 5) the water temperature becomes less than in cases 1, 2
and 3, this is due to the thermal energy absorbed by the TEGs
before being given to the water. Also, by locating the TEGs in pipe’s
outer surface (case 5) the temperature of water is higher than
when TEGs are located at the inner surface of the TEGs (case 4).
This means that when the TEGs are inside the pipe (in a direct con-
tact with the exhaust gases) they absorb more thermal energy than
when they are in an indirect contact (case 2, 3, and 4). In the last
case (case 6) water temperature is relatively in the range of case
4 and 5. Fig. 13 shows the water temperature in each case, the
maximum water temperature achieved is 97 °C in case 3 and the
minimum temperature is 76 °C in case 5. The water temperature
varied in a relatively high range (about 20 °C) when the TEGs loca-
tion have been changed.

Regarding the power generated by TEGs, Eq. (27), it shows that
the power is directly proportional to the square of the temperature
difference between the heat source and sink of the TEGs. Then as
the temperature difference increases, power produced increases.
Table 4 above shows that when the TEGs are in the inner surface
of the tank it involves more temperature difference than when it
is in the outer surface. However it implies maximum temperature
difference when the TEGs are located in the inner surface of the
pipe (direct contact with exhaust gases). Also it shows that the
temperature difference is higher when the TEGs are located in
the pipe surfaces (inner or outer) more than when the TEGs are
located at the tank surfaces. For the last case (case 6) the temper-
ature difference decreases as the TEGs location become far away
from the exhaust gases.

The maximum power produced per one TEG is on the fifth
case, but the maximum total power is for case 6. It should be
noted that fifth case has much less TEGs than second, third,
and fourth case (shown in Table 4 above) but produces higher
power output. Regarding case 6 the power produced per one
TEG is less than the power produced in the other cases at each
stage, but the total power produced is higher than the other
cases. Fig. 14 shows the power generated per one TEG, on which
obviously appears that the maximum power generated by one
TEG is in case 5 (0.35 W). This means that the TEGs are maxi-
mally utilized in case 5 which increases the efficiency of the
thermoelectric generator.

Fig. 15 shows the total power produced by thermoelectric gen-
erators in each case.

The maximum power produced is 52 W in case 6 and minimum
power is in case 2 (6.8 W). Comparing cases 2 and 3, case 3 pro-
duces about 4% more power than case 2. While in case 5 the power
produced increases about 5% compared to case 4. And comparing
cases 2-3 with 4-5, cases 4-5 produces about 400% more power
than cases 2-3 can produce.
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Table 4
Main results obtained in the six studied cases, temperatures expressed in °C.
Case number Reotal (°C/W) q (W) Tw (°C) TEG location AT Number of TEG Power of 1 TEG (W) Piotal (W)
Case 1 0.063 4317 89 Null 0 0 0 0
Case 2 0.065 4186 96 Outer tank’s surface 94 385 0.0177 6.8
Case 3 0.066 4163 97 Inner tank’s surface 9.6 383 0.0180 7.1
Case 4 0.073 3738 81 Outer pipe’s surface 40 101 0.32 33.1
Case 5 0.080 3426 76 Inner pipe’s surface 42 929 0.35 34.8
Case 6 0.094 2910 81 Inner pipe’s surface 36 99 0.25 25.1 52
Outer pipe’s surface 32 101 0.19 20.1
Inner tank’s surface 6.7 383 0.009 3.5
Outer tank’s surface 6.6 385 0.008 33
Table 5
Temperature distribution over the system and power produced by the TEGs.
Case 1 Tg,i Tsur,Pi Tsur,Po Tw Twall,i Twull,o Ta
300 135 134 89 80 79 25
Case 2 Tg’i Tsur,l’i TsunPu Ty Twall,i Ty T, T,
300 140 139 96 87 86 77 25
Case 3 Tg,i Tsur,Pi Tsur,Po Tw TH Tc Twall,n Ta
300 141 140 97 88 79 78 25
Case 4 Tg,i Tsur,Pi TH Tc Tw Twull,i Twall,o Ta
300 157 156 116 81 73 72 25
Case 5 Tg,i TH Tc Tsur,Pa Tw Twall,i Twull,o Ta
300 154 113 112 76 69 68 25
Case 6 Ty Th 1 T Th 2 T2 Tw Th 3 Tc 3 Th 4 Tc 4 Ta
300 176 141 140 109 81 75 68 67 61 25
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Fig. 12. Temperature profile over the cylindrical tank.

Regarding the thermal energy lost with the surrounding, Fig. 16 ture of the outer wall of the tank is lower than all the previous
shows that case 5 has the lowest outer tank wall temperature, if cases, due to the energy absorption by the multi-stages of TEGs.
case 6 is excluded from comparison. For the 6th case the tempera- Comparing cases 2, 3, 4, and 5, case 5 provides the lowest thermal
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Fig. 13. Water temperature variation in each case.

energy loss. This made case 5 with the lowest thermal energy lost
and highest power produced by TEGs compared to cases 2, 3, and 4.

5. Economic and environmental concerns

It should be noted that locating the TEGs at the surface of the
pipe would decrease the cost 75% compared to locating TEGs at
the tank’s surfaces (number of TEGs located at the pipe is about
1/4 number of TEGs located at the tank). Fig. 17 shows the power
generated and the cost of TEGs at each stage, knowing that the cost
of one TEG is given by the manufacturer (20 $/1 TEG) [61].

As shown in Fig. 17, if the water temperature is the major
requirement, then case 3 is the best. However, if the power gener-
ated is the major requirement without taking into consideration
the cost, case 6 is the best. On the other hand, if the cost and power
are major requirements then case 5 is the best since case 5 has a
relatively high water temperature, high power generated, low
thermal energy losses with ambient air, and low cost of thermo-
electric generators compared to case 2, 3, and 4.

For a cost-effective heat recovery system, case 5 is the best
choice since it produces relatively high power with low number
of TEGs (low cost). Also water temperature is relatively acceptable
compared to the maximum water temperature and it has the low-
est thermal energy losses.

Then, the total price of the system is calculated as the sum of
the price of iron tank, the price of the copper pipe and the assembly
process in addition to the price of the thermoelectric generators.

The price of the iron used to make the tank is calculated by the
equation below:

60
> 52
g 50
g 40
= 33 35
2 30
>
=)
§ 20
£ 10 6.8 7.1

, o o
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Case number
Fig. 15. Total power generated by thermoelectric generators.
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g 60 61
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=8 40
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Case number

Fig. 16. Outer wall temperature in each case.

where m,, is the mass of iron. The price of 1 kg of the iron used is 3
USD. The mass of the iron is estimated as follows:

Miron = Vironp,‘mn (31)

where Vi, and p,,,, are the volume and density of iron respectively.
The density of iron is 7850 kg/m?>. Eq. (32) shows how to calculate
the volume of iron:

Viron = TL(1% o — 12,;) + 2702, 1 (32)

where [ is the thickness of the iron sheet at the upper and lower part
of the tank. By applying the previous equations, Vi, = 0.0024 m>,
Miron = 18.5 kg, and the total cost of the iron used is 56 $.

Then the price of the copper can be estimated by the following
equations:

price of iron = my,, x price of 1 kg of iron (30) price of copper = Meopper x price of 1 kg of copper (33)
0.4
2 035 035
- 0.32
g 03
0.25
£ 025 =
g 0.2 0.19
£ 015
=
s 0.1
g 0.05
% g 0.0177 0.018 0.009 0.008
Casel Case2 Case3d Cased4 Cases Case 6
Immer Outer Immer  Outer
pipe pipe tank tank
surface surface surface surface

Case number

Fig. 14. Power generated per one TEG in the six studied cases.
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Fig. 17. Total power generated and total cost of the TEGs in each case.

mcopper = Vcopperpcoppe,— (34)

Veopper = TIL(15, = 17) (35)
where Meopper, Veopper aNd Py are the mass, volume, and density of
copper respectively. The density of copper is 8940 kg/m>, and the
price of 1 kg of copper used is 12 USD. By applying Egs. (33)-(35),
Veopper = 0.0003 m>, Mpper = 2.8 kg, and the total cost of the copper
used is 34 $.

The assemblage process consists of rolling the iron and cop-
per sheets as cylinders in addition to welding required gather-
ing all the parts together. This process costs 80 $. Then the
total price of the system without the thermoelectric generators
is 170 §.

Table 6
Total price of the system in each case in USD.
Case number Price ($)
Case 1 170
Case 2 7870
Case 3 7830
Case 4 2190
Case 5 2150
Case 6 19530

Thermal Efficiency of
energy (kJ) water heater

Electric energy
required (kWh)

From water heating’

Number of
times water
was heated
per month

Coszt of KWh

% of gases
availability

Electric energy
required per month
(kWh/month)

Cost to heat water

Money saved
from water

heating

Table 6 shows the total price of each case, in which the cost of
the TEGs is added to the cost of the system without thermoelectric
generators.

In order to calculate how much energy this system saves, then
how much money it saves, the electric power required to heat such
amount of water is calculated for a specified temperature rise. This
electric power is then added to the power generated by TEGs.
Fig. 18 shows a tree in which the procedure of calculating the
money saving is shown.

The volume of the water found in the system is 0.187 m> calcu-
lated by the following equation:

Vwater = nL(rz - r2 ) (36)

wii p.o

where V- is the volume of the water in the tank.
Thermal energy required Q to heat the water is calculated by:

Q = PVwaterCp e AT (37)

where C, . and AT are the specific heat of water at constant pres-
sure, and the temperature rise of water respectively. Then applying
Eq. (37), with G, = 4.187 KJ/kg K, and AT =70 °C, Q is obtained
equal to 54.6 kJ.

A conventional water heater is used with an energy efficiency of
80%. Then the electric energy consumption for heating this amount

of water is estimated by the following equation:

water

_ chermal
EEC = % (39)

where 7, EEC are the efficiency and the electric energy consump-
tion. Then the consumed electric energy to heat the water is
68278 kJ, or 19 kW h to heat 0.187 m> of water with 70 °C temper-
ature rise.

Fig. 19 shows the variation of energy consumption and its
equivalent cost by varying the number of times the water was

From power generated

by TEGs
Power % of gases I:T‘umber of
generated by availability ours per
month

TEGs (KW)

I I

Electric energy
generated by TEGz
(kWh/month)

Cost of kWh

Money saved

from generating

Total amount of
money saved

Fig. 18. Saved money calculation procedure schematic.
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Fig. 19. Electric Energy required and its equivalent cost per month for different number of times water was heated.

Table 7
Cost of 1 kW h in Lebanon.

Electric rates in one month Cost ($/kW h)

0-99 kW h/month 0.023
100-299 kW h/month 0.037
300-399 kW h/month 0.053
400-499 kW h/month 0.08

>500 kW h/month 0.133

heated in one month, where the price of the electric energy is cal-
culated according to the KW h prices in Lebanon illustrated in
Table 7.

It should be noted that if the exhaust gases are always available
then the amount of money saved from heating water is exactly the
cost of the electric power required to heat the water. However if
the exhaust gases are not always available then the amount of
money saved from heat water MSyqter neating 1S:
Mswater heating = Py x Celectric power required to heat water (40)
where Pr and Celecrric power required to heatwater are the percentage of avail-
ability of gases to run the hybrid heat recovery system and the cost
of the electric energy required to heat water respectively. Regarding
the exhaust gases presence, it was important to take into consider-
ation the availability of this gases (Pr) due to the fact that some-
times the chimney would be off. Fig. 20 shows the money saved
from water heating for different percentages of gas availability.

It should be noted the high amount of money saved from heat
water using the hybrid heat recovery system (more than 100 $/
month). This is due to the high electric energy consumption for
heating water and it is the main source of high electric bills.

In order to estimate the total amount of money saved, which is
the amount of money saved from heating the water and the price

—Pr=04
5 120 Pr=0.6
s 100 Pr=0.8
g, % Pr=1
EE 60
= N
22 a0
z 20
=
A

0 10 20 30 40 50 60

Number of times water was heated per month

Fig. 20. Money saved from water heating process over different gases availability
percentage.

of the generated electricity via TEGs, the electric energy generated

per month by the thermoelectric generators Egfr,qcq/mon Should be
calculated as below:
Eggerated/month (kW h/month) = PT X Pgiferared(kw)
30 days 24 hours
% <month) * ( day > “1)
where PL%, .. is the total power generated by thermoelectric

generators in kW.
Fig. 21 shows the total power generated by the TEGs over one
month for each case over various gases availability percentage.
The cost of the electric energy generated from the TEGs in each
case is shown in Fig. 22. Assuming that the electric energy

——case 2
40 case 3
35 case 4
E;) = 30 case 5
g g 25 ——case 6
£ g 20
£E 15
=< 10
=
5 ,/
0 -
0 0.2 0.4 0.6 0.8 1
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Fig. 21. Electric energy generated monthly by TEGs.
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&
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Availability of gases

Fig. 22. Cost of generated electric energy generated by TEGs.
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consumption over the month is always greater than 500 kW h,
then the price of 1 kW h from the TEGs is 0.133 $/kW h. The cost

of the electric energy generated by TEGS CJ[.’\ic energ, i Calculated
as follows:

c
Cz;i:ctric energy — gr?erated/month (kW h/month) X Cl kW h (42)

where C; iy 1 is the cost of one kW h expressed in $/kW h.
The total amount of money saved MS;,y by the hybrid heat
recovery system from heating water and generating electricity is:

Mstoml = Mswuter heating + CTEG (43)

electric

at constant P,

energy

Fig. 23 shows the total amount of money saved with P, =1,
with respect to the number of times water was heated per month
for each of the six cases.

The total amount of money saved is approximately the same in
the six cases which means that changing the location of TEGs have
little influence in total money saved per month, due to the high
cost of heat water compared to the cost of generating electricity.

The payback period Pbp of the hybrid heat recovery system is
calculated using Eq. (44), it shows that it will be variable with
respect to how much water is heated per month and the percent-
age of gases availability:

HHRSC
Pbp = 44
Msmtal ( )
a 120 ——case 1
= 100
° case 2
s 80 3
case
z 60
g case 4
g 40
_— ——case 5
s 20
= o —_— ——case 6
0 10 20 30 40 50 60
number of time water was heated per month
Fig. 23. Total amount of money saved at P, = 1.
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where HHRSC is the total cost of the hybrid heat recovery system in
each case. Fig. 24 shows the payback period of each case for differ-
ent exhaust gases availability percentage.

It should be noted that if the exhaust gases are always available
and comparing the hybrid heat recovery system cases, case 5 have
a very good payback period of 1 year and 8 months for a 60 times
of water heating. And if the water was heated 30 times the payback
period is extended to about 5 years. Case 6 requires the highest
payback period due to the high price of the system, mainly TEGs.
It requires about 15 years to payback its cost, which is high for a
residential application.

Regarding the environmental concern, heating water and pro-
ducing electricity from the hybrid heat recovery system will lead
to reduce the emissions of CO, gases resulted from burning fuel
to obtain the electric power required. In order to find the reduced
amount of CO,, the equivalent electric power reduced by water
heating and the electric power produced by the TEGs is calculated.
Fig. 25 shows the total power saved Peecrical ot Which is calculated
using Eq. (45). It is necessary to remind that Fig. 19 shows the elec-
tric energy saved by water heating process and Fig. 21 shows the
electric energy produced by TEGs:

_ Pwater heatin,

g TEGS
reduced/month +P

generated /month at constantP,

(45)

P electrical total

water heating - s
where P coqmonn 1S the electric energy saved by using the heat

recovery system from the water heating.

About 0.47 kg of CO, is released for producing one kW h in
Lebanon. This high amount of CO,, released is due to the lack of fil-
tering and flue gases treatment. Also it should be noted that the
power grid is not 100% efficient then the power station should pro-
duce more power to transmit the required power. About 7.5% of
the electricity generated is being dissipated by the power grid.

Then the total power produced by the power station Phor %" is:

ower station
Pgroduced = Pdelivered + 0-075Pclelivered

(46)
where Pgejizered 1S the power delivered to the home. Then the total

power saved P2 is:

P;zt;éd = (1 +0.075)Petectricat total (47)
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Fig. 24. Payback period for the hybrid heat recovery system for percentage availability of gases P, =1 and 0.8.
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Fig. 26. Amount of CO, reduced by utilizing the hybrid heat recovery system monthly.

Then the reduced amount of CO, released Mgy ! (Kg/month) is:

M5! (kg /month) = Pl (kW h/month) x Mig™* (kg/kW h)

(48)

where M?(i“‘ed is the mass of the CO, gas released for producing one
kW h of electricity.

Fig. 26 shows the reduced amount of CO, when using the hybrid
heat recovery system at different gas availability percentages.

It is shown that more than half of tons of CO, can be reduced
monthly and mainly by the heating of water, since heating water
requires high power. It could reduce about 0.6 tons of CO, if case
6 is utilized. The effect of changing the location of TEGs is relatively
low in this case which is due to the low power produced by TEGs.
Such system is capable to reduce 6 tons of CO, gases released to
the environment yearly in Lebanon.

6. Conclusion

Heat recovery process is an advanced way for benefiting
from dissipated energy. Many systems and technologies are still
under study and require more advanced researchers. This paper
deals with a hybrid heat recovery system used to recover heat
from exhaust gases in order to cogenerate domestic hot water
and to produce electricity via thermoelectric generators using
domestic thermoelectric cogeneration heat recovery system
(DTCHRS).

The effect of changing the location of the thermoelectric gener-
ators is studied by varying TEGs from the outer wall of the tank to
its inner wall or to the outer wall of the exhaust gases pipe or to its
inner wall, or even for having TEGs at all walls. Water temperature
and power produced by thermoelectric generators are studied by
applying a thermal modeling to a case study at steady state.
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The following conclusions are drawn:

1. Locating TEGs at the wall of the tank provides higher water
temperature but lower power produced (case 2 and 3). How-
ever, when TEGs are located at the pipe (case 4 and 5), high
power is produced but relatively low water temperature com-
pared to case 2 and 3. When TEGs are located at all the walls,
the overall power produced is the highest and the water tem-
perature becomes the lowest compared to other cases.

2. Cases 2 and 3 produced about 97 °C domestic hot water. How-
ever, these two configurations correspond to a low total power
production (about 7 W) making them more suitable for water
heating.

3. Cases 4 and 5 produced about 80 °C hot water along with 33 W
of electricity generated by TEGs. The temperature of water is
high but less than cases 2 and 3 and the power produced is
higher than cases 2 and 3.

4. The maximum total power produced (52 W) is generated in
configuration 6 with a high water temperature (81 °C). How-
ever the main limitation of this configuration is its high cost
which is resulted from the high number of TEGs required (about
1000 TEGs).

5. Locating TEGs at the tank wall is more costly compared to locat-
ing them at the pipe (more TEGs are required). Then case 5 is a
cost-effective heat recovery process compared to other cases if
the cost is a major requirement. However if high water temper-
ature is required then case 3 is the best. And if the cost is not the
major requirement then case 6 is the better choice.

6. The economic study shows a best payback period for case 5 for
which it needs 1 year and 8 months to payback the cost of the
system. And as for the environmental study, it is shown that
varying the location of the TEGs does not highly affect the
reduced amount of CO, gases released, because of the low
energy produced by TEGs compared to the energy gained by
heating the water. Also it exhibits the fact that 6 tons of CO,
can be reduced yearly by using the hybrid heat recovery system.

7. This system can be categorized as an indirect heat storage sys-
tem. It can be transferred to a direct heat storage system by
replacing water with energy storage materials (Phase change
material). Moreover, it can be a combined system in which a
layer or capsules of energy storage materials can be added to
the system with the presence of water.
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