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Abstract

South Africa is, due its specific latitude location in the southern hemisphere, exposed to high solar irradiation
levels. Black thermal absorbers have a high absorbance for solar incident radiation, while commercial photo-
voltaic technology only converts about 10% of energy available in the solar spectrum. In this article, low-cost
Peltier conversion cells, that are normally used for cooling purposes, and that are freely available in supply
stores in South Africa, were identified as suitable conversion cells for converting thermal energy into electricity.
Two prototypes of thermal-to-electricity energy conversion systems were subsequently designed and devel-
oped. Particularly, advanced pulse mode DC- to- DC conversion technology, a special electronic control system,
was developed, that could extract high amounts of electrical energy from the cells and could store the energy
in standard storage batteries. A3 W and a 30 W output continuous conversion capacity system were developed.
A power conversion of up to 2 W capacity per individual cell was achieved. The systems used no movable parts,
and the lifespan of the systems is projected to be at least twenty years. Cost and viability analyses of the systems
were performed and the results were compared to existing solar photovoltaic energy conversion systems. Com-
bining the 30 W capacity system with a black body and reflector plate absorber system revealed a cost struc-
ture of only ZAR 0.8 per kWh, as compared with a derived ZAR 3 per kWh for a combined photovoltaic and
solar geyser combination, as calculated for a ten-year term. The technology as developed is suitable to be in-
corporated in South African households and rural Africa applications.
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Highlights:

e  Extremely cost-effective harvesting and storage of solar energy in household context.
Development of novel low-cost thermal energy to electricity conversion systems.
Conversion to electricity at ZAR 0.80 per kWh.

Household applications and labour-intensive job creation possibilities.

Business creation possibilities under established intellectual property.
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1. Introduction

Eskom grid electricity can currently be purchased
by South African households at approximately ZAR
2.20 per kWhr (tax included) (e-Tshwane, 2020). A
sliding scale up to about ZAR 5 per kWh is currently
implemented for households using more than 1000
kWh per month. Lately, such supplies have become
intermittent and unreliable in South Africa, due to
high demand from a large low-income population,
and a dependency on an aging and primarily coal-
and fire-steam-based technologies.

Solar photovoltaic (PV) systems are currently in
popular demand for installation in South Africa
households and business premises. However, capi-
tal outlay, installation and maintenance costs are
high (Zwile-Gampio Snyman, 2018). Furthermore,
commercially available PV cells are, on average,
only 10% efficient and require high capital outlays.

Thermal energy is abundantly available in
South Africa and Africa. This article reports on the
development of prototype thermal energy- to- elec-
tricity conversion systems that are suitable for the
South Africa household context. Particularly, an ef-
fective electronics charge extraction and electron-
ics control module technology has been developed
that enhances the efficiency of the systems. The re-
ported results were achieved at the University of
South Africa College of Science Engineering and
Technology Campus in Johannesburg as well as pre-
viously at the Tshwane University of Technology.
Conversion efficiencies and power-cost factors that
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were achieved are also given. The viability of apply-
ing this technology in the South African and African
contexts is analysed.

2. Viability of thermal energy to electricity
conversion systems in South Africa

Figure 1 shows the long-term average solar irradia-
tion values as recorded for South Africa in term of
kWh/mz2. South Africa has the second-highest solar
irradiation in the world, after Arizona in the USA,
with an average of 20 M] /m2 per year or 6.5 kWhr
per day (Solargis, 2019; Zse, 2021).

Figure 2 shows spectral energy density in terms
of W/m? / nm wavelength of incident solar radia-
tion (Cleveland and Morris, 2017). The space irradi-
ation levels, as well as the irradiation that reaches
the surface of the earth, are shown. Radiation en-
ergy of, on average, 0.25 W/m? /nm wavelength is
shown for the ultraviolet region, 1.25 W/m? /nm
wavelength for the visible, and 0.50 W/m2/nm
wavelength for the infrared region. If the spectral
density is multiplied with the total bandwidth of ir-
radiation, we derive, respectively, 3.75 W/m? for
the ultraviolet radiation, 250 W/m? for the visible
region, and 500W/m? for the infrared wavelength
region. The infrared long-wavelength region hosts
about twice as much energy as the visible region,
and about 100 times as much as the ultraviolet re-
gion.

Using the above statistics, and using a 10% con-
version efficiency as achieved on average for com-
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Figure 1: Average solar irradiation levels for South Africa, 1994-2015 (Solargis, 2019).
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Figure 2: Solar radiation spectrum (Cleveland and Morris, 2019).
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Figure 3: Refrigeration or power-generation modes (Snyder, 2008)

mercially available PV cells, and a potential 80% av-
erage absorption of thermal energy for black ther-
mal absorbers, it is calculated that about 80 times
more energy can be absorbed with thermal ab-
sorber systems per square metre than by PV cells.
Using Gauteng as a reference area with an average
of about 6.2 kWhr/m? per day of usable thermal en-
ergy (as per Figure 1) and a 3x3.5 m or 10 m2 col-
lection area system on a house rooftop, up to 50
kWh of energy per day, or about 1500 kWh per
month, could be collected.

In this way, a household could be supplied with
all the hot water needed for personal and domestic
purposes. If a further portion of the collected ther-
mal energy could be converted to electricity, the
majority of electrical appliances in the household
could also be served with this energy. Poor urban
and rural houses obviously use less electrical en-
ergy, and they could even operate these systems on
a completely self-sustainable basis.

3. Thermal energy-to-electricity conversion
cells available on the international market
Peltier thermoelectric cells are used in cooling
boxes to convert electrical energy into thermal en-
ergy. Thermal energy-to-electricity (TE) cells are
essentially particle heat engines where the working
fluid is electrons and hole charge carriers. The ‘ther-
mopower’ of a material depends on the material’s
elemental and crystal structure. Figure 3 illustrates
the operation of a thermoelectric cell in both the ac-
tive power generation mode and also in the refrig-
eration mode (Snyder, 2008). Figure 4 illustrates
the construction of a commercially available ther-
moelectric cell. The single-stage thermoelectric
module is typically composed of TE elements (n-
and p- types) that are connected electrically in se-
ries and thermally in parallel, and sandwiched be-
tween two ceramic plates. The TE elements are
interconnected with electric conductors (such as
copper) using a complex system of copper plate
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metallisation. The ceramic plates form the cold and
hot surfaces of the module and also provide me-
chanical integrity to the structure. Ceramic plates
are commonly used for end- and mounting-plates,
since ceramic is one of the best materials to provide
high electrical isolation while providing low ther-
mal resistance.
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Figure 4: A thermoelectric module used for
Peltier based cooling purposes (Snyder, 2008)

Typically, metals have small thermopower be-
cause most metals have half-filled bands. Electrons
(negative charges) and holes (positive charges)
both contribute to the induced thermoelectric volt-
age, thus cancelling each other’s contribution to
cooling.

Semiconductors, however, can be doped with
an excess number of electrons or holes, and hence
can generate large thermopower, depending on the
charge of the excess carriers (CRC Handbook,
1995). The outstanding challenge in the study of
thermo-electrics is to find materials that can pro-
vide power conversion and refrigeration at high ef-
ficiency. The thermoelectric power, S, is defined as
the thermoelectric voltage, V, produced per degree
temperature difference, as in Equation 1.

_av

S = - (1)

Since charge carriers must move through the
material, the material should conduct electricity
well, or the deleterious effect of resistive heating
and energy losses will be enhanced. The material
should also act as a thermal insulator, so a good
thermal conductor will rapidly dissipate the tem-
perature difference established.

The best thermo-electric materials (Boukai,
2008) involve a trade-off among the three factors,

combining a high thermopower and electrical con-
ductivity, but with low thermal conductivity. The
thermopower is sensitive to the density of states
and phonon-electron scattering, which may be very
different in certain materials at the nanoscale. The
efficiency of thermoelectric material is determined
by the dimensionless figure of merit, ZT, in Equa-
tion 2.
S?%a

ZT =—T (2)
Where cis the electrical conductivity, «is the ther-
mal conductivity consisting of both photon and
electronic contributions, and T is the temperature.
Efficient devices in this regard, require substantial
‘materials and engineering’.

Table 1 illustrates materials conversion effi-
ciency for thermoelectric powers for a range of de-
vices that have been developed through recent
research and development actions, for different
temperature ranges, and a different combination of
thermoelectric materials used as p and n legs. The
conversion efficiency of these materials increases
as the temperature difference increases.

A group at Massachusetts Institute of Technol-
ogy revealed that they have developed devices with
a very high conversion efficiency, up to 80%, by us-
ing nanotechnology engineering technology and by
using mesh structures of atoms, whereby the
charge transfer in the mesh could be enhanced, but
phonon transfer be retarded (Chen and Hayward,
2008). Currently, the cost of cells as available on the
market of the type as listed in Table 1 are still ex-
tremely high (Boukai, 2008) - a minimum of ZAR
1500 per 10W cell, according to a survey conducted
for this research. Unfortunately, at this stage, all
these technologies have all to be imported. How-
ever, South Africa and Africa have ample raw mate-
rials with which to develop selected sections of
these technologies on a value-added basis.

4. Experimental procedures

4.1 Design and construction

As a first test analysis, we designed a small labora-
tory protype TE conversion system in order to test
the performance of commercially thermoelectric
conversion cells as available in South Africa and
sold by a Chinese company (Thermodynamic Elec-
tronics Jiangxi Corp, 2020). An intriguing research
question in this experiment was to determine if
these units, that are normally used for cooling ap-
plications, could also be used to convert thermal en-
ergy to electrical power when heat was supplied to
the one side of the module and the other side was
subjected to a heat sink, such as a large metal block
or a water mass heat sink system.
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Table 1: Comparison of the figure of merit (ZT factor), and the Seebeck coefficient (S)
of available thermoelectric materials (Boukai, 2008).

Thermoelectric material ZTavyg S S S
(With p and n legs) (Device tem- (Device tem- (Device tem-

perature perature perature:
25-25 °C) 100-400 °C) 400 °C)

p/n - Bi2Te3 0.81 7.8

p - ZnSb3 + n - Bi2Te3 0.67 6.8

p- Zn4-xCdxSb3 + n-Bi2Te3 0.84 8

p/n - PbTe 0.56 6.2

p-Zn4Sb3 + n-PbTe 0.77 7.8

p-Zn4-xCdxSb3 + n-PbTe 0.97 9.2

p-Zn4-xCdxSb3 + “n-Zn4Sb3” 1.37 11.5

p/n-PbTe + p/n- Bi2Te3 0.74 10

p-Zn4Sb3/n-PbTe + p/n- Bi2Te3 0.87 11.3

p-Zn4-xCdxSb3/n-PbTe + p/n- 1.02 12.6

Bi2Te3

p/’n”-Zn4-xCdxSb3 + p/n-Bi2Te3 1.28 14.6

Nano-structured p/n -Bi2Te3 20

The specifications of the thermoelectric cooling
module as per the operator’s manual are as follows
(Communica SA Pty Ltd, 2019):

Part number: TEC1-12706

Refrigeration Mode

Size: 40mmx40mm

Supply voltage: 12-14.5V

Max Current: 6A

Q max: 68.8 W

TE material: n and p-type legged silicon
Thermoelectric power, ZT: ~0.01 - 0.6

Price: Communica in South Africa: ZAR 113 per
module (From Thermodynamic Electronics,
China: USD 3.5 per cell)

Figure 5 shows a schematic presentation of the
first design for constructing a small-scale TE energy
convertor. This system used only two TEC1-12706
thermoelectric cell modules and were coupled to a

heating element on the one side and a cooling water
bath on the other. The purpose of this prototype
was to test the basic efficiency that could be
achieved when converting thermal energy to elec-
tricity per individual module. We used elements of
a standard spiral stove plate to heat the aluminum
block to supply heat energy to the hot side of TE
modules. A heat sink was mounted on the other side
of the TE modules, and this was placed inside the
water bath for effective heat flow through the cells
into the water bath. The temperature of the water
was controlled by blowing air at room temperature
of about 20 °C over the bath.

Two methods of impedance matching were in-
vestigated, as illustrated in Figure 6: (1) a series-
parallel hook-up of modules in which DC resistance
matches the DC resistance of a load cell, and (2) us-
ing a common DC-to-DC conversion circuit to step
up the voltage and current from the output of the
modules to the battery load cell.
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Figure 5: Schematic presentation of the basic experimental test set up used to test the achievable
power transfer from thermal-to-electricity conversion cells.
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Figure 6: Schematic presentaton of our designs to ensure a maximum power transfer from the TE
modules to the battery load cell.

107 Journal of Energy in Southern Africa « Vol 32 No 4 » November 2021



i . i Tttt N
! Thermoelectric i : Converter i i_ Eattery i
1 | | | ! !
| pesven o |
| VT b |
1 | 1 : ! :
i R Dl A A E S
Ul 3 omd b =
! i i i = |
IR OL L |
o i | ’
: L o o i
1 ! |

Figure 7: Maximum power transfer considerations.

The open-circuit voltage output of a TE con-
verter was applied to a series circuit consisting of
the module’s internal resistance (Rg) and the DC-DC
converter input resistance (Ri), as in Figure 7.

As in any series circuit, the voltages will ‘drop’
in proportion to the resistances. Thus, if the no-load
voltage was 3 VDC, the Rg was 3 , and Ri was 6 (),
there would be a 2 VDC drop across the Ri, accord-
ing to Equation 3.

Vioaa = (Vn1) (L) (3)

Rg+R;

The formulae in Equations 4-7 could be used to
determine load voltage, current, and power for var-
ious load resistances in each case.

R;
V. =Vn (Rg+Ri> (4)
Vi
L=x (5)

and the power delivered to the load was then:
PL=VLx 1L (6)

The open and short circuit tests were conducted
to calculate the cell’s internal resistance and the
maximum possible output power. Isc was obtained
by simply closing the switch and V(oc) when the
switch was open:

R(internal) = 1;((:;) (7)

Vocxlsc

P (load. max) = (8)

In the larger designs, involving more than one
cell, a circuit configuration as in Figure 6 (b) was
used and a DC-to- DC step-up converter was devel-
oped in order to connect the outputs of the thermo-
electric cells to deliver an output open voltage of
approximately 6.5V, such thata small 6.5V 10 Ahr
lead-acid battery could be charged. Two step-up
DC-DC converter circuits were designed, with the

microprocessor providing a 180-degree phase dif-
ference to ensure adequate transfer of collected
charge during each respective 180-degree cycle to
compensate for the normal 50% duty cycle as nor-
mally assumed with a DC-to-DC induction coil-
based converters. For the microprocessor to con-
trol the duty cycle, and exact step-up voltage re-
quired for charging the battery, it was necessary to
obtain voltage samples from the TE converter and
battery. This was done through appropriate voltage
sensing technology in a series resistance network.
The PIC16F877 micro-processor from Microchip
was chosen to accomplish the time cycling and con-
trol sections of the circuitry. It was selected because
of its ability to monitor multiple signals and convert
them to digital, as well as its ability to outputa PWM
signal with a variable duty cycle. It had 40 pins, five
I/0 ports, eight input channels, two PWM modules,
and a ten-bit analogue-to-digital converter. The sys-
tem further included two temperature sensors of
the type LM35. The analogue output of the two sen-
sors was fed to the microcontroller PIC16f877A,
which converted them to digital values using the in-
ternal analogue-to-digital converter and display the
values on the LCD 16*2MC1602C-Syl. The analogue
output of the current and voltage sensors was also
fed to the microcontroller. The output current was
designed to accommodate a maximum of 500 mA
charging current. The micro-processor generated a
10Khz frequency at a duty cycle of 50% which is
used for pulsing the MOSFET drivers. Figure 8
shows a photograph of the component pacing and
packaging into a suitable box housing. It shows the
developed DC to DC conversion system that was de-
veloped. The primary purpose of this unit was,
firstly, to extract as much as possible of the charge
carriers that was separated in the thermionic cells
(as in Figure 3), and, secondly, to suitably up-con-
vert the output voltage so that the charges could ef-
fectively be transferred to a storage battery. The
system was designed using the researchers’ own
understanding of electronics theory and circuitry,
and was disclosed as a preliminary RSA Patent 3071
and 3072 in 2009 and a SA Patent 05297 in 2016.
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Figure 8: The component placing and
packaging of TE optimiser into a suitable box
housing.

4.2 Development of a larger 30-Watt TE
continuous conversion system

The above concepts and technology were subse-
quently applied to the construction of a larger 30 W
TE conversion system. Figure 9 shows the devel-
oped system at the UNISA Johannesburg Florida la-
boratories. Notably, a low-cost large-area reflective
plate thermal energy absorber was developed and
black poly-ethelyne piping was used as the primary
solarirradiation absorber element, while the reflec-
tive back plating provided additional radiation to
the piping. Water was used as the primary energy
transfer medium between the absorber and the
geyser. A conventional 200 litre solar geyser was
added to the system, and storage of about 10 kWh
per day (in winter) in the Johannesburg area has
been confirmed. The total capital outlay of such a
system was approximately ZAR 8 000 ZAR (Twite et
al, 2018) - approximately one third of the cost of a
standard integrated solar water-heating system
commercially available in South Africa (One Energy
Company, 2018).

A large block, 30 x 30 cm, served as mounting
block arrays for the TE cells, which were pasted to
the block with high-quality thermal paste. Two ar-
rays consisting of 14 cells each were constructed,
each consisting of two series combination configu-
rations of seven each. Each block array was covered

with a standard large area and finned aluminium
heat sink, obtained from a local electronic supplier.
A larger DC-to-DC converter, operating on simi-
lar principles to those outlined in Section 4.1, was
coupled to the system. The entire prototype system
was built using local materials that were commer-
cially available at supply stores in South Africa.

Figure 9: (a) The low-cost large-area heat-
absorbing system developed at the Unisa
Research Development Laboratories. The
design incorporates suspended black piping on
reflective galvanised sheeting to increase the
absorption of heat in the pipes from refection of
solar irradiation from below. (b) The larger
thermo- electric converter system in operation,
supplying energy to string of LED electric
lamps.

5. Results and discussion

5. 1 Measurement of output characteristics of
one TE cell

Table 2 shows the measurements that were ob-
tained for a single cell as well as the dynamic varia-
tion of the internal resistance with an increase in
temperature gradient across the ceramic plates of
the cell. Figure 10 shows power transfer plots for
one TE cell to a fixed resistive load of 20 Q and a
delta T of 80 °C across the sides of the cell. Fig 11
shows the derived internal resistance for one cell as
a function of temperature on the hot side of the cell.
The value of the internal resistance is an important
figure of the merit of TE cells, as it indicates the
maximum current that may be supplied by the cell.
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The results were obtained by varying the load
resistance from 0.5-4 Q and then noting the power
delivered from the source for each load resistance.
Since the total internal series resistance limits the
maximum power transfer from a source to a load
with direct coupling, a DC-to-DC converter between
the TE module and the battery load was used.

5. 2 Measuring the power transfer character-
istics of the developed TE conversion systems
Since a battery normally contains high series re-
sistance when discharged, we subsequently tested
the power transfer into a fixed 20 Q load for both
direct coupling and using the DC-to-DC converter.
Figure 10 shows the total power transfer that was
calculated and Figure 11 shows the internal re-
sistance that was derived for the cells as a function
of temperature.

Interestingly, the DC-to-DC converter as devel-
oped in Section 4 provided a better transfer, about
15%, than direct coupling to the load. This behav-
iour is attributed to input impedance matching con-
ditions of the DC-to-DC converter at high fre-
quencies providing a better effective impedance

match to the cell and ensuring more current to be
transferred into the inductor with each cycle, and
that to be transferred to a higher V-1 ratio at the out-
put of the DC-to-DC converter.

Subsequently, the two cell TE module were
coupled via the DC-to-DC converter to the 6 V 10
Ahr battery. From Figure 12, it is seen that the TE
converter draws electrical power (about 6 W) from
the battery when the temperature difference is be-
low 10 °C and the output voltage from the TE mod-
ules is not enough to produce output voltage
greater than the voltage of the battery. The figure
also shows the output power of the DC-to-DC con-
verter delivered to the battery of 2.67 W. This value
is reasonably close to the maximum of 3.2 W as pre-
dicted by the results in Table 2 for two modules (1.6
W derived for one module in Section 5.1).

It was hence derived that the TE DC-to-DC cou-
pler controller configuration provided about 26%
better charge transfer than the direct coupling
method. The DC-to-DC controller configuration also
avoided a back drain of the battery (caused by the
low internal resistance of the cells when they are
cold and do not provide enough voltage output).

Table 2: Open and short circuit testing results for one Peltier TEC1-12706 module as a function of
temperature (using water at 20 °C as a cooling medium)

Time (s) Temperature at Voc (V) Isc (A) P load-max R internal (Q)
heat source side (W)
(9

0 110 4.37 1.44 1.57 3.02
40 105 4.2 1.36 1.42 3.09
63 100 3.79 1.26 1.19 3.01
80 95 3.6 1.22 1.10 2.95
98 90 3.41 1.16 0.99 2.94
120 85 3.17 1.09 0.86 291
151 80 29 1 0.72 29
179 75 2.6 0.94 0.61 2.86
212 70 2.4 0.84 0.50 2.83
245 65 2.13 0.76 0.40 2.8
283 60 1.9 0.68 0.32 2.79
323 55 1.65 0.61 0.25 2.71
375 50 1.39 0.52 0.18 2.67
435 45 1.14 0.43 0.12 2.65
511 40 0.89 0.33 0.08 2.54
612 35 0.65 0.26 0.04 2.5
720 30 0.43 0.18 0.02 2.44
965 25 0.23 0.1 0.005 2.3
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Figure 12: Power transfer plots for a TE conversion module containing one cell and
coupled to 6 V 10 Ahr lead-acid battery and for a delta T of 65 °C.

The measured output voltage for the larger sys-
tem as described in Section 4.2 above was meas-
ured as 30 V and 30 W when the hot side of the
converter was heated with hot water to 80 °C, and
with passive air cooling applied on the finned heat
sinks. Comparing the number of cells of 14 per ar-
ray as utilised in the larger design and the applied
temperature difference, the output tested under
controlled conditions correlates roughly with the
statistics as derived for the single cell analyses of
achieving about 2 W output per cell at 80 °C tem-
perature difference. Higher losses of thermal en-
ergy, however, occurred on the larger system due to
larger exposed areas of the heated side to ambient
air in the geyser coupled configuration.

5.3 Determining the efficiency of one cell in the 3
W TE conversion system

To determine the efficiency of the cell, a block of al-
uminium was heated to 110 °C and placed on the
cell mounted on a heat sink placed in water. It was
then allowed to cool without thermal heating to
about 100 °C for 63 seconds. Hence Equation 9.

AQ(110°C t0 100°C) = m * cp * AT
=0.234 %910 = 10
= 2.1294k] 9)

The heat flow from the heater block through the
TE cell was therefore as per Equation 10.
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AQ _ 21294

H=— = 33.2W
t 63

(10)

This leads to a determination of the efficiency of
one cell as in Equation 11.

Pelectrical 1.43
n=——""-%100 =

332

*100=4.31% (11)

Since thermal energy was also lost through par-
asitic conduction, parasitic convection through air
and radiation, a determined thermal to the electri-
cal conversion efficiency of approximately 5% can
be assumed.

If the power transfer of power from the TE mod-
ule to the battery could be further improved to
about 3 W, as in Table 2, and the parasiticlosses fur-
ther reduced, it is predicted that a power transfer
efficiency of the order of 10% can be achieved.

5.5 Predicted economics and cost savings as
associated with utilisation of the larger TE
conversion system

Research shows that a medium-sized household in
South Africa uses about 100-150 kWh of electricity
per month, or 3-5 kWh per day), for household pur-
poses excluding water-heating. Water heating con-
sumes about 300-500 kWh per month, or 10-15
kWh per day.

The TE converter technology developed in this
study allows for easy upscaling by incorporating
more TE cells into the converter. TE cells of the type
as investigated in this study can currently be bought
on the Web from overseas suppliers for USD 3.5
(roughly ZAR 50) per cell (Thermonamic Electron-
ics,2019). If the system is expanded to use 100 cells,
coupled to a conventional domestic geyser hot wa-
ter reservoir system, continuous power of 150 W
(about 3 kWh per day) could be generated.

Ifthe TE conversion unit has about 2 kWh capac-
ity per day, this proportion of the available 10 kWh
per day as collected by the thermal absorber array
as in Fig 9 (a) can be converted to electricity. An ad-
ditional ZAR 10 000 will be added to the capital out-
lay, and the running costs of such a system would
amount to about ZAR 0.80 per kW-hr. The lifetime
of the TE systems developed in this study is esti-
mated at 20 years, since no movable or seriously de-
grading materials are used. Peltier cells currently
used for cooling purposes in cooler box applications
have an exceptional reliability record, despite the
temperature cycling they are often exposed to.

Figure 13 schematically compares this technol-
ogy with existing PV technology. Current PV cells
cost of about ZAR 10 000 for a 200 W collection sys-
tem - an average of USD 3 (ZAR 50 per W) (One En-
ergy Company, 2018; Sustainable Co.ZA, 2019). The

energy must be conditioned and regulated by a reg-
ulator to prevent overcharging or undercharging of
batteries. Battery technology has become ex-
tremely sophisticated and, on average, according to
usage patterns, needs to be replaced every two
years. The lowest cost batteries come at a cost of
about ZAR 2 500 per kWhr of stored electrical en-
ergy, or ZAR 5 000 for a 1 kWh capacity system.
Then a DC to AC upconverter is required, at a cost of
approximately ZAR 1 500 per kWhr, according to
our survey. Typical calculations for using the aver-
age solar supply values in South Africa, as discussed
in Section 1, and assuming a total lifespan of the sys-
tem over ten years, gives a total cost of ZAR 14 per
kWhr over a ten-year capital outlay period.

The estimated savings associated with the utili-
sation of thermal energy to electricity conversion in
South Africa are projected in Table 3 for various ra-
tios of replacing Eskom grid electricity supply. The
derived amounts total about ZAR 10 000 per annum
for the first year, and much higher amounts if antic-
ipated escalation costs are considered in subse-
quent years. Analysis shows that, on average, a
household consuming about 1 000 kWh per month,
and augmenting grid electricity supply with a 75 %
grid replacing TE conversion system, can fully re-
cover its capital outlay within 1.5 years. After this,
the household will have a continuous saving of
about 80% of its monthly electricity bill for up to 20
years.

6. Conclusions

The following conclusions were derived from this

study

e Solar incident thermal energy in the infrared
region offers substantial amounts of energy
that can be extracted into so-called ‘thermal ab-
sorbers’ on roof tops (or elsewhere) in South
Africa.

e Avariety of Seebeck p-n cell converters are in-
ternationally available with conversion effi-
ciencies of up to 80%. They remain very
expensive - of the order of ZAR 1000 per Watt.

e In this study, low-cost Peltier conversion cells
that are normally used in Peltier cooling sys-
tems in South Africa, and freely available here,
have been implemented to provide suitable
large-scale thermal to electricity conversion at
a first determined conversion efficiency of
about 5%.

e Notably, a special electronic charge extraction
and control system was developed that in-
creased the efficiency of thermal energy-to-
electricity (TE) conversion systems by about
26% as compared to direct-coupled systems.
The energy generated by one cell is about 2 W.
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PV PANELS

200 Watt

10000 ZAR

PV PANELS
PLUS SOLAR
GEYSER

200 Watt

15 x1.5 m
piped
thermal solar
geyser

25 000 ZAR

THERMAL
ENERGY
ABSORBER

4 x 4 m black
body and
reflective
Plate
thermal
absorber

5000 ZAR

REGULATOR ELECTRICAL VOLTAGE UP- ENERGY LOAD/
STORAGE CONVERTER APPLIANCES
BATERY
2 x 100Ahr, 12V
500 ZAR ! 1kw 1.5 KW Whr
5000 ZAR 5000 ZAR electricity per
day
(To be replaced
every two years) 14 ZAR/ kWhr
over 10 years
lifetime of
product
REGULATOR ELECTRICAL VOLTAGE UP ENERGY LOAD/
STORAGE CONVETER APPLIANCES
BATTERY PLUS
WATER
RESERVOIR
1.5 kWhr
2 x 100Ahr
200 ZAR batteries 1kw Electricity per day
5000 ZAR (To be 5000 ZAR plus 5 kWhrs of
replaced every two hot water per day
years)
3 ZAR/ kWhr over
Solar Geyser 10 years lifetime
3000 ZAR of product
INSULATED THERMAL TO CONTINOUS ENERGY LOAD/
WATER ELECTRICAL 5C. DC OR Do AC APPLIANCES
RESERVOIR ENERGY
CONVERTER UP CONVERTER
10 kWhrs of
ener; er da
200 liter gy per day
75W @ 24 hrs 1kW stored as hot
Combined conversion water
i 5000 ZAR
with hot I 3 kWhrs per 3 kWhr converted
water supply day to electricity per
3000 ZAR day
5000 ZAR

0.8 ZAR /kWhr
average over 10
year lifetime of
product

Figure 13: Schematic presentation of the estimated cost aspects over a ten-year lifetime
for (top) 1.5 kWh per day capacity conventional PV power supply system;
(centre) 6.5 kWh per day PV solar geyser combination; and (bottom) 10 kWh per day
integrated thermal-to-electrical energy conversion system that uses water as an

energy storage medium.
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Table 3: Projected costs (in ZAR) for thermal-t

o-electrical energy conversion technology

in a South African household consuming 1 000 kWh per month

Percentage replace- 0% 25% 50% 75% 100%
ment of grid electricity

1 1150 947.36 659.86 372.36 84.86
2 2300 1894.72 1319.72 744.72 169.72
3 3450 2842.08 1979.58 1117.08 254.58
4 4600 3789.44 2 639.44 1489.44 339.44
5 5750 4736.8 3299.3 1861.8 424.3
6 6900 5684.16 3959.16 2234.16 509.16
7 8 050 6 631.52 4619.02 2 606.52 594.02
8 9200 7 578.88 5278.88 2978.88 678.88
9 10 350 8526.24 5938.74 3351.24 763.74
10 11500 9473.6 6598.6 3723.6 848.6
11 12 650 10 420.96 7 258.46 4095.96 933.46
12 13800 11 368.32 7918.32 4 468.32 1018.32

The cost of the TE conversion systems as devel-
oped in this study compares extremely favour-
ably with those associated with current PV
energy conversion systems, especially if they
are combined with conventional solar water-
heating systems. Black body thermal absorbers
are a particularly viable source of energy in
South Africa, both for water-heating purposes
and as a generator of electricity through See-
beck TE converters. Combining the 30 W capac-
ity system with a black body and reflector plate
absorber gave a cost of only ZAR 0.8 /kWh as
compared to current PV conversion solar cell
systems, with a derived ZAR 3 /kWh for a PV
and solar geyser combination over ten years.
The cost advantage of the solar geyser-TE com-
bination is attributed to the high collection of
thermal energy with low-cost materials, the
high density of energy conversion that occurs
per small area of one TE cell, and the low- cost
storage of energy as hot water in a conventional
geyser, and also the possibility of converting
energy on a continuous basis with the TE con-
version system.

The current prototype systems can be suitably
upscaled to make South African households
completely independent of grid electricity sup-
ply. The prototype systems developed are suit-
able for coupling to large-area, low-cost rooftop
thermal energy absorbers, sidewall hot sun-
facing absorbers, and hot paving absorbers.
They could provide energy to power supply de-
mands such as lighting and information and
communication equipment. Each of these top-
ics will be within the scope of further research,
with the immediate goal being to further im-

prove energy conversion efficiency, by devel-
oping and optimising the electronic interfacing
module with the thermal cells.
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