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This article starts by introducing the ongoing South Africa electricity crisis followed by thermoelectricity, in which eighteen
miscellaneous applicable case studies are structurally analysed in detail. The aim is to establish best practices for the R&D of
an efficient thermoelectric (TE) and fuel cell (FC) CCHP system. The examined literature reviews covered studies that focused
on the thermoelectricity principle, highlighting TE devices” basic constructions, TEGs and TECs as well as investigations on the
applications of thermoelectricity with FCs, whereby thermoelectricity was applied to recover waste heat from FCs to boost the
power generation capability by ~7-10%. Furthermore, nonstationary TEGs whose generated power can be increased by pulsing
the DC-DC power converter showed that an output power efficiency of 8.4% is achievable and that thicker TEGs with good
area coverage can efficiently harvest waste heat energy in dynamic applications. TEG and TEC exhibit duality and the higher
the TEG temperature difference, the more the generated power—which can be stabilised using the MPPT technique with a
1.1% tracking error. A comparison study of TEG and solar energy demonstrated that TEG generates more power compared to
solar cells of the same size, though more expensively. TEG output power and efficiency in a thermal environment can be
maximised simultaneously if its heat flux is stable but not the case if its temperature difference is stable. The review concluded
with a TEC LT-PEM-FC hybrid CCHP system capable of generating 2.79kW of electricity, 3.04 kW of heat, and 26.8 W of
cooling with a total efficiency of ~77% and fuel saving of 43.25%. The presented research is the contribution brought forward,
as it heuristically highlights miscellaneous thermoelectricity studies/parameters of interests in a single manuscript, which
further established that practical applications of thermoelectricity are possible and can be innovatively applied together with
FC for efficient CCHP applications.

1. Introduction

Faced with ongoing electrical energy and power crisis in
South Africa [1] and Africa in general, this paper extensively
examines various research on thermoelectricity in order to
determine, develop, and apply best practices for the devise
of an efficient TE fuel cell hybrid power energy system for
home and commercial combined cooling heating and power
(CCHP) applications. As stated in [1], the research problems
and fuel cells have been reasonably covered in detailed. Ther-
moelectricity, as per [2-52], is a thermal and or electrical
process, in which a material based on its thermal and or
electrical properties, can either generate heat or cold depend-
ing on the voltage polarity across the material or this same

material is capable of generating electricity from heat, when
there is a temperature difference (AT) on the material (tech-
nically known as a thermocouple) surfaces. Furthermore,
there are three effects governing thermoelectricity commonly
called thermoelectric effects, which are (i) the Seebeck effect
(named after the discoverer, Thomas Seebeck), which is the
generation of electricity from heat and the devices that enable
such a process are popularly known as thermoelectric gener-
ators (TEG); (ii) the Peltier effect, (named after the discov-
erer, Jean Peltier), which is, depending on the applied
voltage polarity, is the generation of cold from electricity, or
when the same applied voltage polarity is reversed, is the
generation of heat from electricity, and the devices that
enable such a process are popularly known as thermoelectric
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coolers (TEC); and (iii) the Thomson effect (named after the
discoverer, William Thomson or popularly known as Lord
Kelvin) is the generation or absorption of heat when voltage
is applied across a uniform material that has a temperature
difference along its length, and depending on the flow of
the electric current, the Thomson effect could be positive or
negative. This Thomson effect is reversible and as a result,
is different from Joule or Ohmic heating—which is an irre-
versible generation of heat when an electric current flows
through an electrical conductor. The Thomson effect is usu-
ally negligible in practise (cannot be harnessed to produce the
desired practical effect), and as a result, practical thermoelec-
tricity is normally focused on the Seebeck and Peltier effects,
and therefore, thermoelectricity can be practically defined as
areversible two-way or triple display of the same thermoelec-
trical process, known as the Peltier-Seebeck effect. According
to the literature, thermoelectricity can be practically applied
to (i) cogenerate electricity and/or (ii) provides thermal man-
agement (cooling and or heating). In [33], the electrical and
thermal conductivities are related through the Wiedemann-
Franz law by

k,=L,0T, (1)

where k, is the thermal conductivity charge carrier contri-
bution, L, is a constant known as the Lorenz number
(2.44 x 1078 WQK™®), o is the electrical conductivity, and
T is the absolute temperature in Kelvin. Furthermore, the
thermoelectric materials are categorised based on their
dimensionless figure of merit, zT, defined by
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where S is the Seebeck voltage per unit of temperature in
Kelvin, o is the electrical conductivity, k is the thermal con-
ductivity, and T is the absolute temperature in Kelvin
(273.15K) or 0°C.

The TE device maximum efficiency (n,,,,) determined by
ZT (different from zT), is given by:

V1+2ZT -1 n
Nmax =1 = » wheren
V14 ZT +(TT)) 3
AT — T,+T
=5 is the Carnot efficiency and T' = h; <,
h

where ZT is the TEG dimensionless figure of merit, AT is the
temperature difference between T, and T ; ZT is the device
dimensionless figure of merit at temperature T while T,
and T are, respectively, the device hot and cold side temper-
ature. When ZT = zT, the relationship becomes

Z=z=—, (4)

where Z = z is the figure of merit in K and $?c is known as
the TEG electrical power factor.
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The TEG thermal/conversion efficiency (ngpg) is
defined by

_ TEGPout
NtEG Q,

) (5)

where TEGy,, is the generated TEG output power and
Q,, the heat absorbed at TEG hot junction.

TEGp, = n[SI(T;, - T.) - (I’R)], (6)

Q, =n[STyI - 0.5(I’R) + K(T,, - T,)] (7)

where 7 is the P-N thermocouple amount, I is the current,
R is the P-N resistance, and K is the thermal conductance.

TEC coeflicient of performance (COP) is given by

Thermal cooling power

TECcop = (8)

Electrical input power

2. Thermoelectricity Case Studies of Interest

In the following sections, eighteen assorted thermoelectricity
applicable case studies are examined to determine several
factors that can be applied and developed to devise a novel
CCHP system. The eighteen thermoelectricity case studies
analysed are those vital to the research.

2.1. Thermoelectric Device as a Construct, TEG, and TEC.
Examined in [3, 4], thermoelectric (TE) materials are solid-
state energy converters whose combination of thermal, elec-
trical, and semiconducting properties allow them to be used
easily to convert waste heat into electricity or electrical power
directly into cooling and heating. The materials must be a
very good electrical conductor but poor thermal conductors;
otherwise, the temperature difference that must be main-
tained between the hot and cold sides will produce a large
heat backflow. A TEG dimensionless figure of merit ZT
expresses the efficiency of the P-type and N-type materials
that make up a TEG/TEC device at absolute temperature in
Kelvin (273.15K). The TEG figure of merit Z in per Kelvin
is the square of the Seebeck voltage per unit of temperature,
multiplied by the electrical conductivity and divided by the
thermal conductivity, where T is the absolute temperature.
In today’s best commercial TEG/TEC devices, ZT is about
1.0; however, various research have shown that ZT can be
hugely improved, depending on the classic material treat-
ment approaches, such as nanotechnology, reduce device
dimensionality, doping to increase the band structure and
using new materials with complex crystalline structure.
Thermoelectric materials intensively studied include bis-
muth and bismuth-antimony, lead telluride and related
compounds, silicon-germanium alloys, skutterudites and
clathrates, oxides, and some other types: zinc antimonide,
half-Heusler compounds, metal silicides, and boron carbide.
As stated in [3], there are three categories of TEGs: (i) low
temperature (<200°C), (i) medium temperature (200-
600°C), and (iii) high temperature (600-1000°C). More
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efficient thermodynamic cycles and designs that reduce
material costs are transcending into commercial production.
Figure 1 depicts a thermoelectric device as (a) a construct,
(b) a TEG, and (c) a TEC.

2.2. Harness Thermal Energy Using TEGs in a HT-PEM FC
Power System. Researched by [3], TE devices can be used to
enhance the efficiency and the load following capability of a
high-temperature polymer electrolyte membrane fuel cell
(HT-PEM FC). A heat recovery subsystem based on compact
plate-fin heat exchangers and TEGs was designed to harvest
the system hot exhaust gas for electricity. The maximum
power point tracking (MPPT) power conditioning method
was also systematically examined. TEGs were integrated into
the methanol evaporator of the HT-PEM FC system to
improve the entire system load following capability. By
reducing heat loss, the system power efficiency can be
boosted. The TEG module working modes were various
and unique; as a result, they were redefined as thermoelectric
heat flux regulators (TERs). Three crucial parameters were
determined and they are (i) heat exchanger surface type, (ii)
its housing dimensions, and (iii) TEG power conditioning.
In light of this, a practical TEG system was recommended
to have four subsystems as follows: (i) heat exchanger sup-
port structure, (ii) TEG array (converts heat to voltage),
(iii) cooling, and (iv) electrical power converters to provide
working DC and/or AC voltages to the loads. Figure 2 depicts
the researched scheme.

2.3. TEG and Fuel Cell Cogeneration. Studied in [2], an
electrical energy conversion efficiency of approximately 15
percent would be required to obtain an acceptable return
on investment for thermoelectric devices. As a result, a feasi-
bility study was performed to determine how, assuming 16%
efficiency, thermoelectric devices could impact the US
Department of Defence (DoD) power generation capabilities.
Based on research indicating energy conversion efficiencies
of 20%, thermoelectric devices were built and tested. Of the
27 thermoelectric devices supplied, only 8 were functional;
of which, each device produced only 1 W of electrical power.
Current manufacturing processes and design parameters
were examined and recommendations made. In concluding
the research, more than 40 specific applications (facility and
nonfacility) for thermoelectric devices were investigated, in
which, it was realised that in all these applications, thermo-
electric devices form factor which is crucial, enabled TEGs
to be mounted on hot surfaces, in hot gas streams, along
processes to absorb radiant heat, or integrated in stacks or
process insulation. This adaptability allows thermoelectric
systems to be integrated within industrial processes with
minimal impacts on the process. In Table 1, it is shown that
thermoelectric devices have the potential to increase effi-
ciency and when used with different types of fuel cells, their
respective power generations were increased by ~7 to 10%.
Furthermore, as shown in Table 2, TE devices generated
464 000 MWh of electricity each year when applied to low-
grade heat (LGH) generated from military processes, which
translates yearly to greater than $34.5 million cost avoidance
for the production of electricity and results in approximately

1.5 billion BTUs of energy production from normally
discarded LGH. Additionally, this equates to 268 000 barrels
of oil yearly equivalent.

2.4. Ionic Thermoelectric Supercapacitor (ITESC). As stated in
[5], temperature gradients are generated by the sun and a vast
array of technologies, which can induce molecular concen-
tration gradients in solutions via thermodiffusion (Soret
effect). In the case of ions, this leads to a thermovoltage that
is determined by the thermal gradient AT across the electro-
lyte, together with the ionic Seebeck coefficient («;). Due to a
lack of strategy to harness the energy from the Soret effect,
redox-free electrolytes have not been explored in thermoelec-
tric applications. As a result, a new means to harvest energy
from intermittent heat sources and converted into stored
charge via the ionic Soret effect in an ionic thermoelectric
supercapacitor (ITESC) was demonstrated—from which it
was shown that the stored electrical energy of the ITESC is

proportional to (ATea;)* and that its «; reaches beyond
10 mV/K. The resulting ITESC can convert and store several
thousand times more energy as compared to a conventional
TEG connected in series with a supercapacitor. According
to [5], it was demonstrated for the first time that the Soret
effect in a polymer electrolyte leads to a significant ionic ther-
moelectric effect that could be used to charge a supercapaci-
tor. The presented ITESC device requires a variation in the
applied temperature gradient to function, which makes the
concept suitable for intermittent heat sources, such as the
sun. They explained potential enhancements of the ITESC
concept and forecasted the heat-to-electricity charging
conversion efficiency to be able to improve if good thermo-
electric electrolytes are designed with low specific heat capac-
itance, low thermal conductivity, large Seebeck coefficient,
and high ionic conductivity. Importantly, all materials (poly-
mer and inorganic salts) consisting of the ITESC are fully
compatible with industry processing. Contrary to a usual
thermoelectric device constituting a semiconductor and two
metal contacts, where a constant electrical power can be
provided to an external load by imposing a temperature
gradient along the metal-semiconductor-metal stack, the
same harnessing principle is not directly applicable if the
semiconductor is replaced by an electrolyte solution with
ions as charge carriers. The reason for this is that the thermo-
diffused ions are stopped at the surface of the metal electrode
and cannot pass through the external circuit. Furthermore,
akin to classic electronic materials, the efficiency will increase
with higher ionic conductivity, higher Seebeck coeflicient and
lower thermal conductivity. However, for materials with the
same zT value, the maximum efficiency from typical TEGs
is greater than from ITESC. This is because the output power
is not constant in ITESC, which instead decreases with time
as illustrated in Figure 3(a). Figure 3(b) summarily explains
the research on ITESC.

2.5. Small Modular TEG Power Generation Analysis. Accord-
ing to [6], from the thermoelectric characterisation, it can be
concluded that to generate more voltage, TEGs must be
connected in series and in parallel to generate more current.
Furthermore, the voltage and current (power) increases
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FiGgure 1: Thermoelectric device as (a) construct, (b) TEG, and (c) TEC (adapted from [4]).
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F1gure 2: TEG and HT-PEM FC energy harvesting setup (adapted from [3]).

TasLE 1: Efficiency improvement of fuel cells incorporating thermoelectric devices (adapted from [2]).

Fuel cell type Operating Efficiency Heat percentage Powe.r generation Flpal . Efficiency
temperature waste increase efficiency improvement
LT-HT PEM FC 80-180°C 40% 60% 9.6% 49.6% 24%
Alkaline FC 65-220°C 60% 40% 6.4% 66.4% 11%
Egosl’honc acid 205°C 37-42% 60% 9.6% 49.6% 24%
;’g’lten carbonate 650°C 45% 5% 8.8% 53.8% 20%
Solid oxide FC 600-1000°C 45-65% 45% 7.2% 62.2% 13%
TaBLE 2: Potential annual benefits of thermoelectric device application (adapted from [2]).
Electricity Generation Cost Oil equivalent saved Carbon emissions Number of
Sector generation capacity avoidance (thougan ds of barrels) savings (metric potential
(MWh) (MWe) ($1 M) kilotons) applications
Defense 464 000 53 34.5 268 21 43
Utility/nonutility
generation (CTC & LTI 603 000 000 68 000 45 000 355 000 41 200 57
2001b)
US industries of the 74 000 000 8 400 5 500 43000 5000 101

future (CTC & LTI 2001a)
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FI1GURE 3: Ionic thermoelectric supercapacitor summary (adapted from [5]).

when the TEG cold side is cooled—which was studied with a
setup with and without a fan. Figures 4(a)-4(d) summarise
the experiments. NB: TE device P-N thermocouples are
inherently connected electrically in series and thermally in
parallel [40]. The reason is to increase electrical conductivity
and decrease thermal conductivity.

2.6. TEG and Microturbine Combined Heat and Power (CHP)
System. In [7], a thermodynamic model was developed for
the TEG and microturbine combined power generation sys-
tem as shown in Figure 5. The numerical results showed that
the addition of the TE device can almost double the CHP out-
put power generated. Also in an investigation in [2], TEG
cogenerations are more efficient compared to other equiva-
lent forms of CHP systems.

2.7. High-Temperature TEG Module Characterisation System.
Stated in [8], thermoelectric (TE) power generators (TEGs)
are used to convert thermal energy directly into electrical
energy; however, present TEGs have limited conversion effi-
ciencies and lack the capacity to penetrate these highly
important industry sectors, though successfully applied in
niche fields, such as space applications, scientific equipment
facilities, and hot lasers. Most of research efforts concen-
trated on the development of novel TE materials, which
would have higher zT—a value that signifies how good/bad
a thermoelectric material is. It is a widely established fact that
for practical considerations the zT for any given thermoelec-
tric material, P-type or N-type, has to exceed unity. However,
knowing the basic characteristics of a given thermoelectric
material cannot be directly related to the conversion effi-
ciency of a TEG. The manufacturing of a TEG includes selec-
tion of TE materials, electrodes, insulating plates, adhesives,
and module architecture. The complexity of this task is evi-
dent by the few number of research papers describing the
characterisation of thermoelectric modules. Furthermore, as
claimed in [8], in contrast to existing TE material character-
isation systems, there are no commercial systems available
that would allow accurate characterisation of fabricated
TEGs. Hence, their research was undertaken to design and
construct a comprehensive computer-controlled characteri-
sation system, which would allow efficient characterisation

of in-house built TEG modules. This system incorporated
all of the abovementioned features in a bench-top engineer-
ing solution integrating high power heating, liquid cooling,
hydraulic compression, force, and temperature sensing—all
in a controllable atmosphere. The measurement system has
been specifically designed to accommodate a wide range of
TEG modules suited for low- to high-temperature applica-
tions. The system accurately reproduced application condi-
tions the TEG devices may be subjected to in a real world
environment, which was tested with direct heat flux measure-
ments using reference materials. Bismuth telluride-based
Thermonamic TEHP-12656-0.3 and Everredtronics TEG
127-50D TEG modules were characterised. Their perfor-
mance data were analysed and compared to the available
manufacturer data. The measured data correlated with
anticipated values, though some discrepancies were noticed
due to overlooked inaccuracies in the traditional module
resistance measurements. Figures 6(a)-6(c) show some
results of the study.

2.8. On-Chip TEC and TEG Model-Based Design. As in [20],
TE devices for the last decades have been used in many power
generation or cooling applications; such as energy recovery in
space and cooling of sensors located in heat-sinking missiles.
This research focused on the possibility of embedding
thermoelectric devices within electronic packaging for both
hotspot TEC and TEG. The commercial CFD solver FLU-
ENT and the analog electronic circuit simulator SPICE were
used to study operations of single and arrayed TECs and
TEGs integrated inside a FLUENT model-based chip—which
were arranged in a programmable 3 X 3 array to be up to 9
TECs and/or TEGs depending on the test configurations.
This array of nine TECs or TEGs, as depicted in
Figures 7(a) and 7(b), provided vital results related to ther-
mal coupling of adjacent TECs and transient pulse operation
of TECs. Figure 7(c) shows the cooling currents and their
effects to the TEC (at mid hotspot of 5 as shown in
Figure 7(b)) at various levels (from the steady state of 3A
to transient levels of 6, 8, and 10 A. Figure 7(d) illustrates
the cooling coupling among TECs, which is strongest when
more TECs are turned ON and the cooling is also best in a
steady state whereas weakest with less TECs turned ON as
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FIGURE 4: Modular TEG characterisation (adapted from [6]).
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FiGure 5: TEG and microturbine cogeneration (adapted from [7]).

well as worst in transient conditions (i.e., a large current is
involved). From the analyses of various pulse shapes por-
trayed in Figure 7(e), the square root pulse shown in
Figure 7(f) was noticed to yield the best cooling considering
all the important parameters—maximum cooling, tempera-
ture overshoot after current pulse is turned off, total energy
used, and settling time. As per Figure 7(g), it was also estab-
lished that the shortest duration of the transient pulse posi-
tively affects the cooling, which degrades if left longer, as
the longer the pulse switch ON current, the more Ohmic hea-
ting—as evident in the initial control results for random
hotspots using the square root pulse. For all, frequent
hotspots should be cooled with steady-state currents and
infrequent hotspots may be cooled using square root tran-
sient pulses of least period. A thinner TIM and/or bigger
thermal conductivity enhances the cooling.

Similar analyses of the on-chip TEGs yielded vital and
intuitive results. As shown in Figure 8(a), the maximum
power transfer (MPT) occurred at a load resistance bigger
than the TEG device resistance, contrary to the established
fact that MPT occurs when load and source resistances are
equal. This deviation was mainly due to the dependence of
the generated power on the temperature difference between
the hot and cold junctions. This temperature difference is
also dependent on the generated current and is inversely
proportional to the load resistance. Hence, as depicted in
Figure 8(b), useful MPT occurs only when the load and TEGs
resistances are (i) equal and (ii) the TEG temperature is con-
stant. Also increasing the background heat flux initially
increased useful power (load power) linearly which later chan-
ged to a parabolic increment, as power = I*R. Figure 8(c) also
showed that reducing the TIM thickness between the hot
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FiGurk 6: High-temperature TEG characterisation (adapted from [8]).

junction of the TEG and the surface of the chip yielded
improved power generation from the TEGs. The effect of tran-
sient to on-chip TEG is trivial, since a TEG is passive and there
is a dynamic change in on-chip heat flux. Finally, the result in
Figure 8(d) displayed a study done on various TEG arrays (see
Figure 7(b) for layout), to research the total useful power and
average useful power per TEG in mW for five setups with
varying numbers of on-chip TEGs as follows: (i) TEG 5 only;
(ii) TEGs 3, 5, and 7; (iii) TEGs 1, 3, 5, 7 and 9; (iv) all TEGs
except 2 and 8; and (v) all TEGs 1-9. It was established that
adding more on-chip TEGs always first increases the total
useful power generated; however, on-chip TEG efficiency
decays when more are added due to overcrowding.

2.9. Hybrid TEC-TEG Modelling and Experimentation.
According to [10], a new thermoelectric cooler-thermoelectric
generator (TEC-TEG) module was simulated (Figure 9(c))

and experimentally (Figures 9(d)-9(e)) studied using COM-
SOL multiphysics modelling software as illustrated in
Figures 9(a)-9(g). The researched module consisted of a
TEC (Figure 9(a)), TEG (Figure 9(b)), and total system
heat-sink Figures 9(c)-9(e) all connected thermally in series.
An input voltage (1 to 5V) was applied to the TEC where the
electrons by means of the Peltier effect converted heat from
the upper side of the module (T 41pc) to the lower side
(Thortec-TEG) creating temperature difference. The TEG acts
as an intermediate heat-sink for the TEC by transferring this
waste heat to the total system heat-sink and converting an
amount of this heat into electricity by a phenomenon called
the Seebeck effect. The temperature contour of TEC-TEG
and TEG’s electric potential at different TEC input voltage:
(i) V=0and V=1, (ii) V=2 and V=3, AND (iii) V=4
and V =5 were measured. Figure 9(f) shows the effect of
the input voltage of TEC on the temperature difference (AT)
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FIGURE 7: Simulation summary of the modelled on-chip TEC (adapted from [20]).

across the cold and hot sides of TEG in both simulated and
experimented results—where AT is directly proportional to
the input voltages, as well as directly proportional to the
TEG output voltages as shown in Figure 9(g) correlated results.

2.10. Nonstationary TEGs. In [12, 21, 22], a review of theoret-
ical publications on nonsteady thermoelectrics are presented,
in which different aspects of nonstationary and pulsed pro-
cesses in thermoelectric materials and devices were examined.
Theoretical analyses of the dynamic behaviour of thermoelec-
tric devices, including analyses of small and large signals of
thermoelectric generator, are given and details of the principle
of quasi-equilibrium thermoelectricity are discussed as well.
Special attention was given to the theoretical study of the
nonroutine regime of nonsteady thermoelectricity—fast-
time dependence of thermoelectric properties when TE
material/device is well out of equilibrium. Theoretical results
of fast-time dependence gave reason to think that it can
increase the output electrical power of thermoelectric gener-
ator compared to stationary techniques of operations.
Experimental results acquired using first ever nonsta-
tionary thermoelectric generator prototype, which was
designed for operation in fast-time dependence mode, was
disclosed. There are ongoing R&Ds to confirm that more
electrical output power can be obtained in the AC mode

(g)

(AC frequency about hundreds of kHz) than in DC mode,
and TE parameters of interests include energy capacity,
speed of response, response time improvement, temperature
dependence of physical parameters, and output characteris-
tics; accounting for the Peltier heat production, effectiveness
of side surfaces of thermal insulation, and thermal stabilisa-
tion based on the model of finite length. In the early 90s,
Aspen and Strachan filed a priority patent on thermoelectric
energy conversion in high-frequency mode and later pub-
lished results of development and demonstration tests of
MHz thermoelectric generator, which became the first work
on thermoelectric operating far from equilibrium. Strachan,
who developed a vibrator with it to break kidney stones also
noticed that his device could function as a heat pump (to pro-
duce ice) or with temperature difference between both sides, it
could generate electrical power sufficient to operate a small
fan. Jon Schroeder in 1994 announced a ring-shaped TEG
pulsed at 60 Hz and he published a paper about it in 1999
and built a prototype in 2004 but regrettably, it did not work.

Schroeder further designed a ring-shaped TE device
called the Schroeder ring. In which, heat is produced in the
centre by hot gases, which can be combustion gases from
natural gas. The heat is transferred by convection and radia-
tion to the radial blades. Nonstationary TEGs are TEGs with
high values of capacitance in the Farad range (akin to
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FIGURE 8: Simulation summary of the modelled on-chip TEG (adapted from [20]).
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supercapacitors), which makes them pulse operable at more
than 100 kHz. Apostol postulated that pulsing can improve
TEG efficiency due to ultrafast conduction as predicted.
Nedelcu and Stockholm observed in 2001 that, when electri-
cal current is pulsed at 50 kHz, the electrical power was con-
stant at R, > R;—this demonstrated that small electrical
resistance (impedance to be correct) should be taken into
account to extract electrical power efficiently. Nedelcu later
confirmed Apostol’s work by building a TEG with four com-
mercial TEGs connected electrically in parallel. The electrical
current output was pulsed using MOSFETs at around
200kHz. The output current from the transformer is recti-

fied. The load was 100 W filament light bulb. The voltage
measured was 210V and current 0.4 A giving an electrical
output power of 84 W. The total efficiency (including heat
losses) is 8.4% deduced from the ~1kW heat source. This
approach has about twice higher conversion efficiency to
when operated in DC mode. Figure 10 illustrates how a
TEG electrical output power is pulsed.

2.11. TEG Design in Dynamic Thermoelectric (TE) Energy
Harvesting. Presented in [9] is an analysis of the TEG design
for dynamic TE harvesting—which enables electricity gener-
ation from temperature fluctuations in an environment, such
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as a vehicle body or an industrial machine. Shown in
Figure 11, it employed a heat storage unit (HSU), with a
phase change material (PCM) to increase heat storage, insu-
lated from the environment and in thermal contact with a
TEG. This available energy for a given temperature cycle is
finite and determined by the HSU capacity. It was demon-
strated by simulation and experimentally that specific TEG
designs can boost the energy output by optimizing the
balance between heat leakage and dynamic response delay.
A 3D-printed double wall HSU was developed for the exper-
iments. The output energy of 30] from 7.5g of phase
change material from a temperature cycle between +22°C
is shown—which is enough to supply typical duty-cycled
wireless sensor platforms. The research showed that total
maximum potential performance is achieved with thicker
TEGs and choosing a specific surface coverage area. TEGs
of various thicknesses were tested and shown in
Figure 11. These outcomes may serve as guidelines for the
design and fabrication of dynamic TE harvesters for appli-
cations requiring surroundings with moderate temperature
(<50°C) variations.

2.12. TEG and 1kW Low-Temperature (LT) PEM FC Waste
Heat Recovery. In [14], fuel cell is a device that generates elec-

tricity through the electrochemical reaction between hydro-
gen and oxygen. A major by-product of the exothermic
reaction is waste heat. The recovery of this waste heat has
been subject to research in order to improve the overall
energy utilisation. However, nearly all of the investigations
focused on high-temperature fuel cells using advanced ther-
modynamic cycles due to the high quality of waste heat. In
this publication, the method, characteristics, and challenges
in harvesting waste heat from a low temperature fuel cell
using a direct energy conversion device were studied. A heat
recovery system for an open cathode 1 kW LTPEM FC was
developed using a single unit of TEG attached to a heat pipe.
The power output of the fuel cell was varied to obtain the per-
formance of TEG at different stack temperatures. Natural
and forced convection modes of cooling were applied to the
TEG cold side. This was to simulate the conditions of a mini
fuel cell vehicle at rest and in motion. The experimental
results were analysed and a mathematical model based on
the thermal circuit analogy was developed and compared.
Forced convection mode resulted in higher temperature
difference, output voltage, and maximum power which are
3.3°C, 33.5mV, and 113.96mW, respectively. The heat
recovery system for a 1 kW LT-PEM FC using a single TEG
was successfully established and improved the electricity
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FiGure 12: TEG and 1 kW LT-PEM FC waste heat recovery system (adapted from [14]).

production from the FC. Moreover, the experimental results
obtained correlated the theoretical results. Figure 12 depicts
the theoretical and experimental setups and the test results.

2.13. TECs as TEGs with 5 kW LT-PEM FC CHP Waste Heat
Recovery. Presented in [15] is the experimental performance
of TECs as TEGs (Figure 13(b)) in waste heat recovery sys-
tem from a 5kW LT-PEM FC (Figure 13(a)). The system
setup (Figure 13(d)) constituted a thermoelectric heat recov-
ery system (THRS; see Figure 13(e)) consisting of a heat
exchanger (Figure 13(c)), four TECs (Figures 13(f) and
13(a)), and a typical heat-sink (Figure 13(e), 1) attached on
the cold sides of the TEC 2 x 2 array. Figures 13(g) to 13(j)
display the various measured parameters as shown. The
experiment outcomes showed that TECs as TEGs can be suit-
able to recover waste heat from a LT-PEM FC. The CHP sys-
tem total efficiency decreased with increases in the outlet
water temperatures due to low AT; as a result, the TEG open
circuit voltages decreased. Finally, to assess the useful output

power, MPT occurred when the load resistance changed
from 1 to 10.Q.

2.14. Uninterrupted TE Energy Harvesting with Temperature
Sensor-Based MPPT. Investigated in [23] is a thermoelectric
generator energy harnessing system with a temperature
sensor-based maximum power point tracking (MPPT)
scheme. The perturb and observe (P&O) technique is
generally used in TEG applications but it responds poorly
to a fast-changing power output. In addition, habitual MPPT
algorithms for photovoltaic (PV) cells may not be appropri-
ate for TEG power generation because an important amount
of time is needed for TEG systems to reach a steady state.
Furthermore, complexity and extra power consumptions in
conventional circuits and periodic disconnections of power
source are not desirable for low-power energy harvesting
applications. The researched scheme in Figures 14(a) and
14(e)-14(g) can track the fluctuating maximum power point
(MPP) with an easy and inexpensive temperature sensor-
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based circuit without instantaneous power measurement or  of the TEG’s OCV. The boost power converter controller
TEG disconnections. This method used TEG’s open circuit =~ maintained the TEG output voltage at the reference level so
voltage (OCV) attributes with respect to temperature gradi-  that the maximum power can be extracted for the given
ent to generate a proper reference voltage signal that is half ~ temperature condition. This feed-forward MPPT approach
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FIGURE 14: Uninterrupted TE energy harvesting with temperature sensor-based MPPT (adapted from [23]).
mum power tracking error of 1.15%. Figure 14(b) is a TEG

equivalent circuit. Figures 14(c) and 14(d) show the opera-
tional waveforms.

is inherently stable and can be implemented without any
complex microcontroller circuit. The investigated technique
analytically and experimentally correlated and had a maxi-
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2.15. TEG versus Solar Energy Generation Comparison.  TEG concept. Figure 15(b) depicts the output power based
Examined in [24] is a comparison study of TEG and solar on TEG temperature differences on both sides. The tested
energy as shown in Figure 15(e). Figure 15(a) shows the = TEG hot side temperature ranged from 50 to 300°C and cold
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FiGgure 17: TEC and PEM fuel cell CCHP system (adapted from [25]).

side from 25 to 100°C. The bigger the temperature difference,
the more output power from the TEG. The TEG generated
~20 W with a 275°C temperature difference—hot side tem-
perature of 300°C and cold side 25°C. Figures 15(c) and
15(d) show the TEG and solar test setups. It was concluded
that size wise, a TEG module can generate more power rela-
tive to solar module; however, TEGs are more costly to gen-
erate the same amount of power. Also, TEGs need big AT to
generate a reasonable power.

2.16. Influence of Thermal Environment on Optimal Working
Conditions of TEGs. As established in [27], the Thevenin
(Figure 16(a)) and Norton (Figure 16(b)) TEG models were
used to show that the TEG output power and efficiency in a
thermal environment can be simultaneously maximised if
its heat flux is constant but not the case if its temperature dif-
ference is constant. Figures 16(c) and 16(d), respectively,
depict the TEG normalised output power as a function of

maximisation ratio and as a function of normalised efficiency
for both TEGs (Figures 16(a) and 16(b)). The study con-
cluded by suggesting a TEG power optimisation may be
conducted in three steps: (i) choosing a TEG device or mate-
rial with best ZT or zT, (ii) use thermal impedance matching
to determine TEG dimension, and (iii) use electrical imped-
ance matching to determine the TEG load.

2.17. Thermoelectric Cooler (TEC) and LT PEM Fuel Cell
CCHP System. According to [25], the prime mover is a LT
PEM FC. A low-quality heat of ~80°C and water condensate
were recovered as the by-products. A thermoelectric cooler
(TEC) was used as the cooling system. The mathematical
models of the fuel cell and the thermoelectric cooler were
implemented, and the results of simulations were confirmed
with published data in the literature. The results validated a
new micro CCHP system. The results showed that the cycle
is capable of producing 2.79kW of electricity, 3.04kW of
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heat, and 26.8 W of cooling with a total efficiency of the tri-
generation cycle of 76.94% and fuel saving of 43.25%.
Figure 17 summarises the scheme.

2.18. Modelling of TEG and P&O MPPT with Load and
Temperature Variations. Investigated in [50], the maximum
power is attained when the load connected to a TEG matches
its internal resistance. However, impedance matching is not
always practically guaranteed. As a result, in the setup as
per Figure 18(a), MATLAB/Simulink was employed to
model TEG, and the implementation was based on a TEG
manufacturer’s datasheets. TEGs were connected to a boost
converter without MPPT using different loads, from which

up to 98% of the TEG power was transferred to the load
when matched with ~7.0Q but was not the case with other
load values. In another run, P&O MPPT algorithms were
employed in the boost converter and its output was con-
nected again to different loads and the generated power of
~20 W was constant to loads from 7 up to 70Q as shown
in Figure 18(c). A similar setup was done with TEG hot side
temperature (T},) variations using a fixed cold side temper-
ature of 20°C and it was realised that the output power
efficiency was <90% for Ty, <70°C. The proposed TEG,
boost converter, and P&O MPPT models were validated
with an experimental TEG system setup as demonstrated
in Figure 18(b).
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TaBLE 3: Summary of the eighteen thermoelectricity case studies reviewed.

Case studies analysed

Highlights, advantages and disadvantages

[4] Case study A (Bell, 2008)

[3] Case study B (Gao, 2014)

[2] Case study C (Huston et al., 2004)

[5] Case study D (Zhao et al., 2016)

[6] Case study E (Mahmud et al., 2017)

[7] Case study F (Qu et al., 2018)

(8] Case study G (Katkus, 2015)

[20] Case study H (Sullivan, 2012)

[10] Case study I (Teffah et al., 2018)
[21, 22] Case study J (Stockholm, 2016)

[9] Case study K (Kiziroglou et al., 2016)

[14] Case study L (Sulaiman et al., 2017)

Case study M (Hasani and Rahbar,

(i) the principle of thermoelectricity: construction, TEG, and TEC
(ii) ZT: TE device dimensionless figure of merit. More ZT, the better

Showed that TEG can be used as TERs to harvest exhaust heat and boost HT PEM FC
efficiency with emphasis on (i) heat exchanger surface type, (ii) its housing dimensions, and
(iii) power conditioning

(i) about 40 specific applications of TEG were researched and it was noticed that TEG form
factor is crucial to enable mounting anywhere

(ii) TEG was used with various FCs to boost output power by 7-10%

Showed how energy was harnessed from intermittent heat sources and converted into
stored charge via the ionic Soret effect in an ITESC. Max efficiency is very low compared to
TEG of the same ZT

Demonstrated that TEGs connected in series and parallel generate more voltage and
current, respectively, that also increases with T,

Developed a thermodynamic model for the TEG and microturbine. Showed that TEG
almost doubled the hybrid CHP output power

The manufacturing of a TEG involve choosing a TE material with good ZT (>1), electrodes
insulating plate, adhesives, and module architecture. A real system was built to characterise
TEG modules

Modelled TEGs and TECs on a chip. TECs are more efficient using more and better if
operated at a steady state for frequent hotspots. For infrequent hotspots, TECs may be
cooled with square root transient pulses of a very short duration. TEG MPT occurred at
greater load resistance. TEG useful power is firstly linear and later parabolically
proportional to the heat flux. More TEGs increase output power but decrease later. Thinner
TIM improves TEC and TEG capabilities

TEC was used as a TEG cooler in simulated and practical setups. The AT was directly
proportional to the TEC V,, and TEG V

Demonstrated that the output power from TEG when pulsed doubles the conversion
efficiency. An 8.4% increase was attained

Proved that thicker TEGs with good area coverage can be used to harvest electricity from
the environment with fluctuating temperatures

Showed the use of a TEG with FC under simulated natural (static) and forced convection
cooling (dynamic) to convert heat to power
However, very high AT is required to generate significant power

Demonstrated the duality of TECs as TEGs in a FC CHP using a THRS. Low AT gave low

[15] 2015) Vout- MPT occurred at R4 of 1-100Q
Showed the use of a low-cost microcontroller and temperature sensor-based circuit, to
(23] Case study N (Park et al,, 2014) track TEG MPP with a 1.1% tracking error
[24] Case study O (Yildiz et al., 2013) Compared TEG a1.1d solar energy conversion. A TEG generates more power relative to solar
module of same size but more costly
Deduced that a TEG output power and efficiency in a thermal environment can be
[27] Case study P (Apertet et al., 2014)  simultaneously maximised if its heat flux is constant but not the case if its temperature
difference is constant
- Proved that a TEC LT-PEM FC hybrid CCHP system is capable of producing 2.79 kW of
[25] Case study Q (Ebrahimi and electricity, 3.04 kW of heat, and 26.8 W of cooling with a total efficiency of ~77% and fuel
Derakhshan, 2018) .
saving of 43.25%
TEGs have no moving parts, have long service life, operate quietly, and are green. TEGs
[50] Case study R (Mamur and Coban, have low efficiency and are expensive. By using the manufacturer datasheets, TEGs were
2020) modelled, simulated, experimented, and result correlated. Impedance matching with boost
converter and P&O MPPT schemes gave 98.64% efficiency
3. Summary of the Eighteen Thermoelectricity 4. Conclusion

Case Studies Examined

Energy security and electricity crisis in particular is an

Table 3 presents the highlights of each case study as well as ~ ongoing pressing societal problem in South Africa. In light

the pros and cons where applicable.

of this, this paper presented a structural review of 18
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assorted thermoelectricity applicable studies, to best devise a
hybrid CCHP system for domestic/commercial applications.
To achieve this, diverse analyses on past research on ther-
moelectricity were examined, in which case studies related
to co-/trigeneration with fuel cells were of most interest.
In these studies, thermoelectricity increased the power effi-
ciency by converting waste heat into electricity as TEGs
and electricity into cold as TECs. Also examined was how
ionic thermoelectricity exhibits supercapacitor properties
and in conclusion was a TEC and PEMFC hybrid CCHP
system study, where the PEMFC was the prime mover and
TEC was the cooler, capable of generating 2.79kW of elec-
tricity, 3.04kW of heat, and 26.8 W of cold, having a total
efficiency of ~77% and fuel saving of 43.25%. The relevant
highlights, advantages, and disadvantages of the eighteen
case studies examined were summarised as the key findings
and contributions brought forward. As a result, an alterna-
tive research model incorporating thermoelectricity for use
with FC in CCHP applications and to address the FC fuel
starvation phenomenon is doable and shall be researched.

Glossary

AT: Temperature difference between hot and cold
sides of a thermoelectric device in Kelvin or
Celsius

o: Electrical conductivity (Siemens/m) is the
inverse of electrical resistivity p (Q.m)

N TEG maximum efficiency determined by ZT

NreG: TEG thermal or electrical or conversion
efficiency

S*o: Known as TEG electrical power factor
(W/mK?)

AC: Alternating current

CCHP: Combined cooling heating and power

CHP: Combined heat and power

COP: Coefficient of performance

CPUT: Cape Peninsula University of Technology

DC: Direct current

DoD: Department of Defence

FC: Fuel cell

HEF: High frequency

HSU: Heat storage unit

HT PEM FC: High-temperature polymer electrolyte
membrane fuel cell

I: Electrical current (A)

ITESC: Ionic thermoelectric supercapacitor
k: Thermal conductivity (W/mK)

k,: Thermal conductivity charge carrier

contribution (W/mK)

K: Thermal conductance (W/K)

LF: Low frequency

LGH: Low-grade heat

L. Constant known as the Lorenz number

o

(2.44 x 108 WQK?)

LT PEM FC: Low-temperature polymer electrolyte
membrane fuel cell

MPT: Maximum power transfer

MPPT: Maximum power point tracking
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n: P-N thermocouple amount

OCV: Open circuit voltage

P&O: Perturb and observe

PCM: Phase change material

PEM: Polymer electrolyte membrane or proton
exchange membrane

PV: Photovoltaic

Qu: The heat absorbed at TEG hot junction (W)

R: P-N thermocouple electrical resistance (Q2)

S: Seebeck’s voltage per unit of temperature in
Kelvin (V/K)

T: Absolute temperature in Kelvin (273.15K) or
0°Celsius

T: Average temperature in Kelvin

T.: Temperature on thermoelectric device or
material cold side (Kelvin or Celsius)

Ty: Temperature on thermoelectric device or
material hot side (Kelvin or Celsius)

TE: Thermoelectric

TEC: Thermoelectric cooler

TECop: TEC coeflicient of performance

TEG: Thermoelectric generator

TEGpoue TEG generated electrical output power
delivered to the load (W)

TER: Thermoelectric heat-flux regulator

THRS: Thermoelectric heat recovery system

TIM: Thermal interface material

Z: TE device figure of merit measured in K™

z: TE material figure of merit measured in K™

ZT: TE device dimensionless figure of merit at
absolute temperature (273.15K)

7T TE device dimensionless figure of merit at
temperature T

zT: Thermoelectric material dimensionless figure
of merit at absolute temperature (0°Celsius).
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