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Project Summary report (‘Teil | — Kurzbericht’)

Due to the international character of the research work this report is issued in english language.

Project name: LEAP-RE; Joint project SunGari
Project #: 03SFO0683A
Subproject: Energetic Optimization of the Gari Processing

1.0. Project background and objectives

The SunGari project was commissioned from April 2022 to April 2024 to investigate the
feasibility of using emerging solar technology (photovoltaic (PV), concentrated solar thermal,
and PV to steam power with storage) to provide a modern cooking solution for African staple
foods. Up to now typically fire wood was used to produce gari, which is a staple food based on
cassava within Western Africa. The project partners were Agrartechnik Witzenhausen,
University of Kassel (Germany), Simply Solar Technology Consulting GbR (Germany),
University of Pretoria (South Africa), University of Limpopo (South Africa), University of
Lome (Togo), and the University of Greenwich (UK).

The project had six work packages (WPs) that comprised the following tasks; WP1: Optimised
process requirement for converting grated, dewatered, and fermented cassava mash (dry matter
content 50%) into Gari (dry matter content 90%), WP2-3: Technical analysis of technologies
such as concentrated solar power (CSP), photovoltaic (PV) thermal, and photovoltaic (PV)
electric to supply the heat and electricity required by the Gari process, WP4-5: Develop,
assemble, demonstrate, and test three different Gari roasting apparatuses and WP6-
Coordination and dissemination of the project.

2.0. Methodology

In general, the project implementation used a multidisciplinary and participatory approach, with
stakeholders involved in the equipment's design, implementation, and testing within the six
work packages (WP) adopted. This included a baseline survey (needs assessment) using the
Life Cycle Sustainability Assessment (LCSA), processing parameters optimization using
traditional look-alike lab-scale roasting systems, and designing, and manufacturing.

3.0. Results achieved
The three gari roasting systems based on direct solar PV, direct steam and PV to steam have
been installed and tested successfully at the demonstration site in Togo. It was found that the
vessels can produce 0.51 to 1.87 kg per batch in 17 to 43 minutes (within the duration attained
when using woodfuel).

The optimum parameters achieved are factors (131.08 °C temperature, irradiance 826.36 W m-
! voltage 32.59 V, current 28.53 A, power 1068.70 W (String power), Energy supplied of 1.69
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kWh. The optimum responses are 27.7 min roasting time, gari output 1.23 kg, productivity 2.79
kg hr!, yield 50.60 %, specific energy capacity 1.43 kWh kg-gari™ and efficiency of 53.05 %.

4.0. Impacts and achievements

e Impact of science and technology: Advancement in Renewable Energy: By utilizing
solar PV technology in the cooking process, this innovation demonstrates its
adaptability and lays the groundwork for further studies in sustainable cooking.

e Increase in efficiency and storage: The technology makes improvements in energy
storage and photovoltaic efficiency, which are beneficial for other solar applications

with high demand.

e Catalyst for Research: This service is unique and promotes more research into
sustainable cooking services. Furthermore the research opportunity was used to
strengthen international cooperation between the German and African partners on a
future oriented topic.
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Detailed project report (‘Teil 11 - Eingehende Darstellung’)

Due to the international character of the research work this report is issued in english

language.
Project name: LEAP-RE; Joint project SunGari
Project #: 03SFO0683A
Subproject: Energetic Optimization of the Gari Processing
Summary

The SunGari project's objective was to create and develop a Modern Energy Cooking Service
(MECS) based on solar cooking (photovoltaic, solar PV to thermal and concentrated solar
thermal) for cassava processing into gari in West Africa, and then to extend it to processing
other staples in developing countries. The three gari roasting systems based on direct solar PV,
direct steam and PV to steam have been installed successfully at the demonstration site in Togo.
The systems were successfully developed and tested. It was found that the vessels can produce
0.51 to 1.87 kg per batch in 17 to 43 minutes (within the duration attained when using
woodfuel). The optimum parameters achieved are factors (131.08 °C temperature, irradiance
826.36 W m™, voltage 32.59 V, current 28.53 A, power 1068.70 W (String power), Energy
supplied of 1.69 kWh. The optimum responses are 27.7 min roasting time, gari output 1.23 kg,
productivity 2.79 kg hr?, yield 50.60 %, specific energy capacity 1.43 kWh kg-gari?* and
efficiency of 53.05 %.

Project background and objectives

The mission of the SunGari project was to innovate and develop a Modern Energy Cooking
Service (MECS) based on solar cooking (photovoltaics and concentrated solar thermal) for
cassava processing into gari in West Africa and later develop it to processing other staples in
the developing countries.

The project had six work packages (WPs) that comprised the following tasks:

e WHP1: Optimised process requirement for converting grated, dewatered, and fermented
cassava mash (dry matter content 50%) into Gari (dry matter content 90%).

e WHP2-3: Technical analysis of technologies such as concentrated solar power (CSP),
photovoltaic (PV) thermal, and photovoltaic (PV) electric to supply the heat and
electricity required by the Gari process

e WHP4-5: Develop, assemble, demonstrate, and test three different Gari roasting
apparatuses.

e WP6 Coordination and dissemination of the project..

Fachgebiet Agrartechnik
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Methodology and work packages

Work package number 1 (WP1)
Objectives

e Determine the temperature and energy requirements for Gari roasting at the
domestic/cottage and small and medium enterprise (SME) levels in Togo.

e To conduct optimisation of the Gari roasting process for optimal quality and minimum
power consumption.

Work description: The work involved the optimization of the lab scale gari system mimicking
the actual traditional processing setup in Togo and the base line survey of the current status of
the cassava processing in Togo under the supervision of University of Lome.

Optimisation of the gari roasting process for optimal quality and minimum power
consumption at laboratory scale

In April 2022 to September 2022, Unikassel carried out the laboratory scale cassava to gari
process optimization experiments at University of Kassel.

Objectives: To determine the optimum temperature, energy, time and the agitation speed for
gari roasting at standard physiochemical quality indicators.

Methods used: The I-Optimal design of two factors (Temperature and Stirring speed) by 25
runs comprising of nine responses (time (Y1), energy (Y2) final moisture content (Ys), color
components (L* (Y4) b*(Ys) and a* (Ys)) pH (Y7), swelling index (SI) (Ys) and texture (Yo)) with
five replicated runs. Data analysis/optimization was performed using JMP data analysis
software [1]. The applied roasting temperatures ranged from 90 to 250 °C, with the number of
replications per temperature level as follows: 5 at 250 °C, 7 at 210 °C, 2 at 170 °C, 7 at 130 °C
and 7 runs at 130 °C. The stirring speed ranged from 10 to 50 revolutions per minute (RPM),
with 5 runs at 10 RPM, 7 at 20 RPM, 2 at 30 RPM, 7 at 40 RPM and 4 at 50 RPM.

Regression analysis was applied to the experimental data. The robust regression techniques
involving the centering by the median and scaling by the Interquartile range (IQR) for a second-
order polynomial Equation 1, was used to fit the model and predict the responses under
optimum roasting conditions.

= hoth (IQR(Xl)) & <1QR(X2)> *h [(132311)) 8 (zgieg;))] .

. X %\
+ﬁ11[(IQR(X1) l '322[ IQR(XZ)) l”

Where, X1 and X» represented the two independent variables, temperature in degrees Celsius
and stirring speed in RPM respectively. Y1 denotes the responses, o denotes the intercept term,
S1and S temperature and stirring speed linear coefficients respectively, f12is interactions terms,
f11, and S22 are quadratic coefficients and script € representing the errors. For the temperature
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median =%, and for stirring speed =5, while the Interquartile range for temperature = IQR(X,)
and for stirring speed IQR(X,) [2-6].

The statistical significance of the regression coefficients was examined using the Analysis of
Variance (ANOVA) at a 95% confidence level [2,3,7,8]. The coefficient of determination (R?)
was also used for verification.

A lot of instruments such as the temperature, energy and mass data loggers were used for data
mining.

WP1: Determine the temperature and energy requirements for Gari roasting at the
domestic/cottage and small and medium enterprise (SME) levels in Togo

From November 2022 to January 2023, Unikassel commissioned the field work in Togo.

Objective: (a). to determine the temperature, batch size and energy requirements for Gari
roasting at the domestic/cottage and small and medium enterprise (SME) levels in Togo, (b) To
determine the roasting pan specifications.

Methods used: The Material and Energy Flow Analysis (MEFA) techniques and the Life Cycle
Sustainability Assessment methods were applied in three partner cooperatives facilities Togo's
Maritime region

WP2-3: Technical analysis of technologies such as concentrated solar power (CSP),
photovoltaic (PV) thermal, and photovoltaic (PV) electric to supply the heat and
electricity required by the Gari process

Objective: WP2-3: Technical analysis of technologies such as concentrated solar power
(CSP), photovoltaic (PV) thermal and photovoltaic (PV) electric to supply the heat and
electricity required by the Gari process (Q1 2023). The design specifications for the roasting
vessels were to be finalized based on the lab-scale data and the actual field needs assessment
report.

Methods: Desk initial data analysis and online meetings.

WP4-5: Develop, assemble, demonstrate, and test three different Gari roasting apparatuses.
Objectives: Designing and construction of Solar PV/Thermal roasting units to install at
university of Lome.

Methods: Bringing together the results of WP1, WP2 and WP3 to develop the final catalogue
of detailed requirements the SunGari. This involved the working discussions between partners
resulting in the final design. Detailed designs of test units where developed. The units were
manufactured by South Africa Delphius Technology. The assembling and testing of the Solar
Thermal and PV roasting vessels and other accessories assembling in Togo, was achieved in
coordination with SimplySolar, Unikassel and University of Lome between October 2023 to
April 2024. A user guide for the SunGari devices was prepared.

Fachgebiet Agrartechnik
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WHPL1.1: Optimization of the process parameters on lab-scale

In Figure 1 (a) and (b) the optimized gari processing parameters on lab-scale are highlighted.
The optimum temperatures attained was 130 °C at the cumulative energy consumption of 0.19
kWh translating into the specific energy consumption of 1.07kWh/kg-gari at the expense of 26
minutes. This energy is 700% less than the reported by the university of Ibadan in the short

communication [9].
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Figure 1: Lab scale; (a) temperature profiles and (b)-Energy profiles

This data was considered during the final designing of the roasting systems. A scientific
manuscript is currently under review in the Thermal Science and Engineering Progress.

WP1.2: Determine the temperature and energy requirements for Gari roasting at the
domestic/cottage and small and medium enterprise (SME) levels in Togo (Baseline

survey)

Overview of material, energy and emission flows

The MEFA of the cassava to gari processing system shows different patterns in material
throughput, energy consumption, and waste/emission generation at each stage. The Sankey
diagram (Figure 2(a)) depicts the system's numerous stages each of which contributes to the
overall energy requirement, material transformation, and adverse environmental impacts.

This data takes into consideration all inputs and outputs flow to produce 1 kilogram of gari from
cassava. The materials, energy, human hours and productivity achieved in this study are within

the reported figures by other researchers [10,11]
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(b) Cassava to gari Material and energy flow heatmap

Figure 2: MEFA visualization: (a) Material and energy flow sankey diagram, (b) (a) Material and energy flow
heatmap

The heatmap in Figure 2(b) highlights the exact stage-wise breakdown of resources
quantitatively. During the initial harvesting step, considerable amounts of biomass waste were
generated, primarily in the form of cassava residual plant matter left in the field. When organic
wastes decompose organically, they produce significant volumes of kgCO2eq, adding to the
overall carbon footprint of the system.
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Figure 3: Energy Flow Analysis ((a) comparative specific energy consumption per process for all facilities, (b)
Overall SEC contribution by source and (c) Roasting process temperature profiles

Figure 3 (a, b and c) illustrates the specific energy at each process stage, the overall energy

contribution and the temperature profile achieved.

The study clearly shows that there is energy wastage in the real world and the development of
the SunGari tool is important to ensure the mitigation of the effects of the all process on climate
change. As Figure 2 (b) shows, the Global Warming Potential (GWP) associated with the
cassava processing to a kg of gari of 9.02 kgCO-eq, could be mitigated.

It has also been found that the most energy intensive stage is also the most costly in terms of
the capital expenditure contributions. The Life Cycle Sustainability Analysis approach via
MEFA adopted in this study establishes a critical holistic technique to monitoring the staple

food processing.
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WP2-4: Technical analysis of technologies such as concentrated solar power (CSP),
photovoltaic (PV) thermal, and photovoltaic (PV) electric to supply the heat and
electricity required by the Gari process and the development, assembling,
demonstrating, and testing of the three different Gari roasting systems

Following completion of the design, the systems were manufactured by a South African
company. Between November 2023 and June 2024, all the equipment was assembled in the
demonstration facility at university of Lome and tested. Below is a discussion of the systems'
specifics and functionality.

Roasting pans parameters

Direct Solar PV Vessel

Solar panels and control systems specifications;
e Type of solar panels: 24 x Victron 305Wp (3 strings of 8 panels)
e Total power (STC): 2.44 kWp
e Operating power: 2.17 kW
e Vmpp (60 °C): 54 DCV
e Impp (60 °C): 38.3 A
*(Vmpp = Maximum Power Point VVoltage and Impp = Maximum Power Point Current).

Roasting vessels details;

The PV electric powered vessel is presented in Figure 4 and design details are as highlighted in
Table 1.

Table 1: direct Solar PV vessel design details

Parameter Specification
Supply voltage (DCV) 48
Supply Current (A)/element set 42
Power (W) 6000
Number of elements per 2000 W (sets) 3
Weight (kg) 20
Size (mm) 700%700%400
Material used 6 mm Aluminium

Fachgebiet Agrartechnik
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Figure 4: Direct Solar PV powered gari roasting pan

Scheffler solar reflectors powered Roasting Vessel

The specifications of the steam vessel, which is powered by six independent Scheffler solar
concentrators, are listed in Table 2 and shown in Figures 5, A and B, respectively.

Table 2: Solar Steam (PV and)

Parameter Specifications
Design steam gauge pressure (BarG) (Max) 1.5
Operating temperature (°C) 130
Pressure relief valve (BarG) (Max.) 1.5
Drain and Vent Valves (inch) 12
Weight (kg) 30
Dimensions (mm) 700*700*400
Material 3mm, 302 stainless steel

B

Figure 5 (A) SCSP reflector steam powered roasting pan and (B) Scheffler Concentrated Solar Power Reflectors (SCSP) for
the steam powered roasting pan

Fachgebiet Agrartechnik
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Solar PV steam powered roasting Vessel
Solar panels and control systems specifications;
e Type of solar panels: 24 x Victron 305Wp (4 strings of 6 panels each).
e Total power (STC):1.83 kWp
e Operating power: 1.63 kW
e Vmpp (60 °C): 54 DCV
e Impp (60 °C): 28.7 A

*(Vmpp = Maximum Power Point VVoltage and Impp = Maximum Power Point Current).

Figure 6: Solar PV-steam powered gari roasting panel
Performance evaluation
Direct PV system

Both semi-controlled water boiling tests and actual cassava mash roasting to gari were used to
evaluate performance. Pictured in Figure 7 at the University of Lome demonstration site in
Togo is a skilled gari producer from one of the cooperatives roasting gari using one of the
roasting pans.

Table 3 highlights the general performance of the PV roasting vessel during gari roasting.

Fachgebiet Agrartechnik
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Table 3: General performance of the PV powered cookstove (Irra = irradiance, SEnergy = Supplied energy, SEC
= Specific energy consumption, UEnergy = Used energy by roasting gari)

Parameter Mean Standard Deviation Min Max
Time (Min) 28.13 7.38 17.00 43.00
Batch Size (kg) 2.39 0.79 1.09 3.60
Gari pro. (kg) 1.22 0.45 0.51 1.87
Productivity (kg/Hr) 2.72 0.90 1.21 4.07
Yield (%) 50.68 3.99 42.78 57.84
Irra. (W/m2) 840.94 92.65 246.34  1116.28
Voltage (V) 32.61 6.63 20.10 38.57
Current (A) 28.55 5.79 17.59 33.75
Power (W) 1068.50 225.79 652.40  1301.53
SEnergy (kWh) 1.72 0.55 0.75 2.68
SEC (kWh/kg) 1.45 0.31 1.01 2.33
UEnergy (kWh) 0.88 0.28 0.42 1.32
Efficiency (%) 52.00 7.54 40.91 64.20
Ambient (°C) 34.64 1.80 32.12 39.80
Gari Temp (°C) 93.2 20.79 34.56 169.90
Outside pan Temp (°C) 66.73242 6.76773 32.11 76.9
Pan Surface Temp (°C) 129.48 20.25 32.80 203.20

Figure 7: Gari processing by an operator from one of the partner gari processing co-operatives in Togo

System temperatures

The mean PV roasting pan surface, gari and ambient temperatures were 129.48, 93.2 and 34.64
°C, respectively as highlighted in Table 3. Figure 8 and 9 present the thermal performance of
gari roasting.

Fachgebiet Agrartechnik
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Figures 8 and 9 show a quick and substantial decline in roasting vessel temperatures from
around 200 °C at S1 to 130 °C after introducing the cassava mash (CM), whose average initial
temperature at T1 was 34.56 °C. The CM temperature rose to 99.7 °C within 4. The reduction
in the vessel surface temperature could have been due to the sudden absorption of heat energy
by the wet CM. This is known as the “change temperature stage,” in most of the roasting
procedures [12,13].

The temperature of the cassava mash increased over time, reducing moisture content, as
illustrated in Figure 8. As the gradient of the vessel's surface temperature decreased, the
temperature loss to the cassava mash decreased.

At T3, the temperature of the vessel's surface began to rise rather than fall. This point, at which
the pan surface temperature stops cooling and begins to rise with temperature of the cassava
mash now almost turning into gari is known as the turning point.

The moisture content of the cassava mash keeps on reducing with a valid increasing rate of
temperature as shown from T2 to T3 in Figure 8. The rate of the temperature increase, which is
known as the Rate of Rise (ROR) depends on a lot of factors such as power supply to the
roasting pan, the change in temperature, the number of agitation by the operator and the initial
moisture content of the cassava mash [13,14].

Roasting process Thermal status
e e .
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Figure 8: temperature performance on 19 December 2023 (Batch A to Batch F)

The angle of the ascending slope of the gari temperature curve is directly related to the RoR
and the higher it is, the more temperature the gari or cassava mash will gain per unit time, and
the steeper the curve will be. This explains why batch E took long to conclude the roasting
process as shown in Figure 9.

The peaks and trouphs temperature trends in each batch feed and roasting process are
comparable to those in batch A, as seen in Figures 8, 9, 10, and 11. The roasting vessel's surface
temperatures decreased with each new feed.

Fachgebiet Agrartechnik
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Roasting process thermal status
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Figure 9: Temperature as a function of time for the roasting process

Figure 10 highlights the batches achieved on 16 December 2023 with the same trends of the
runs discussed above

Roasting process thermal performance
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Figure 10: Temperature performance on 16 December 2023. (batchl to batch9)

Effects of irradiance on the temperature and roasting time

Figures 11 and 12 depict the system temperatures (ambient, pan surface, and gari temperatures)
and energy components (irradiance, current, voltage, power, and energy) as they relate to the
roasting time.

As can be seen in Figure 8 and mirrored with irradiance curve in Figure 11, the minimum
temperature for batches A and B, were between 126 and 135 °C, at stable irradiance of 850 to
930 W/m? (From 13:00 on figure 12, high spikes of irradiance were observed).
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Solar irradiance verses System temperatures
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Figure 11: Temperature and irradiance as the function of the time during roasting

Nevertheless, the irradiance decreased to 359.95 W/m? during batch D at 11:52, from a peak of
985.21 at 11:40 (118 to 138 °C). As a result of this decrease, the pan surface temperatures
decreased from about 138 to 125 °C and from about 100 to 80 °C, respectively.

In batch E, the irradiance, pan surface temperatures and the gari temperatures peak and troughs
effect was even more telling. The effect resulted in the prolonged roasting duration.
Nevertheless, batch F saw the spiking peaks in the irradiance to the highest of around 1500
W/m? that resulted into the increase in the pan surface temperature from around 110 to around
130°C by the end of the batch. The solar irradiance achieved in this study is within the reported
[15].

Irradiance verses Energy components
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Figure 12: Voltage, Irradiance, current, power and energy as the function of the time (EStringl = energy in string
1)

The causes in the reduction of the system temperatures could be explained by using Figure 12.
It could be seen that as the irradiance dropped, also the string voltages and currents dropped. It
was observed that the highest string peak power of 1378.38 W was achieved when the voltage,
current and irradiance were 39.69 V, 34.73 and 980 W/m? respectively. This power was the
actual consumed by each of the 3 strings of the PV roasting pan.
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The lowest kicking-in parameters found to have an activating effect on the power increase on
the PV roasting pan were voltage 0.06 V, current 0.05 A, and irradiance 453.67 W/m2 (Table
4 and Figure 13). The DC/DC converter shut off when the irradiance fell below 453.67 W/m2.

Table 4: Minimum and maximum energy components achieved per string

Minimum kicking parameters Maximum parameters achieved
Irradiance (W/m?)  453.67 Irradiance (W/m?)  1611.01
Voltage (V) 0.06 Voltage (V) 39.69
Current (A) 0.05 Current (A) 34.73
Power (W) 0.003 Power (W) 1378.38

*This figures represent the average of 3 strings. Total achieved should be multiplied by 3

v Total power gained by the PV roasting pan was the sum of 3 strings.
General optimization: energy and temperature components

The general optimization details are highlighted in Table.

Table 5: Optimized parameters for the PV roasting vessel

Factors Responses
Parameter Optimum Parameter Optimum
Pan surface Temp (°C) 131.08 Roasting time (Min) 27.74
Irradiance (W/m?) 826.36 Out-put gari (kg) 1.23
Voltage (V) 32.59 Productivity (kg/hr) 2.79
Current (A) 28.53 Yield (%) 50.60
Power (W) 1068.70 Specific energy capacity (kWh/kg) 1.43
“Supplied energy (kWh) 1.69 *Used Energy (kWh) 0.89
In-put cassava mash (kg) 2.40 Efficiency (%) 53.05

NOTE: "Energy supplied is the total from the 3 strings supply of the heating elements and for the total consumption
to roast gari (Energy used)

As expected, greater pan surface temperatures, voltage and current (Power), and high irradiance
all resulted in shorter roasting times. The energy efficiency decreased as the pan received more
energy and the cassava mash absorbed less energy. This is because efficiency is the ratio of
energy utilized to energy supplied.

The highest efficiency of 63.8 % was attained by a batch that received 1.23 kWh PV energy
and consumed 0.83 kWh to produce 1.27 kg gari from 2.35 kg cassava mash. The specific
energy consumption was 1.02 kWh at a total roasting duration of 21 minutes in line with other
reported durations [16-19]. The efficiency range of 41.2 to 63.8 % is within the electrical
powered cookers [20-23].

The specific energy consumption is almost 7 times lower than the base line highlighted in the
report on Gari processing analysis in Togo, and in agreement with the lab scale optimization
analysis carried out at the University of Kassel [24].
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Irradiance monitored during experimentation
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Figure 13: Irradiance for different days in December 2023

Productivity

The maximum and minimum input and outputs achieved were 3.6 to 1.09 kg (cassava mash)
and 1.9 to 0.51 kg (gari) respectively. This translated into mean productivity and yield of 2.8
kg hrt and 51.7 % respectively (Figure 14).

Based on field observations, roasting may commence at 09:00 am and conclude at 15:30 pm (6
hours) at certain instances, as seen in Figure 13. Thus, 7.26 to 24.42 kg of gari each day or
around 2,000-6,000 kg annually, might be produced by the PVV-powered system.

The PV roasting system has the potential to reduce firewood consumption by 3,000 to 10,000
kg annually, which could result in financial gains and environmental benefits for both the
operators and the environment.
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Figure 14: Productivity achieved

Energy required heating the vessel from cold start
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When compared to other cooking methods like induction, wood-fuel cookstoves, and gas,
electrical elements are linked to slow heating. The primary reason for this is that heat must first
be transferred to the element’s body before it can be transferred to the cooking surface. A crucial
step in determining how much energy an appliance uses for self-heating and how much it loses
to the environment is to perform boiling tests (cold and hot start) [22].

Water boiling tests

Cold start: Figure 15 to 17 highlights the cold start results achieved on different days as
indicated.

Cold start test for the PV vessel (18 Dec 2023)
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Figure 15: Cold start temperature and energy matrix achieved on 18 December 2023

Table 6 illustrates that the PV-powered roasting vessel required an average of 34.67 minutes to
raise the water's temperature from 31.15 to 92.97 °C, using 1.81 kWh of energy at 3.24 kW
power. At 0.36 kWh vessel to water energy absorption rate, the energy transfer efficiency
between the PV roasting vessel and the water was 20.14%.

Furthermore, it was observed that at lower irradiance, the time to boil the water was higher as
observed in Figure 16 where irradiance was 777.72 W/m?. This further resulted into higher
energy demand (2.08 kWh), higher specific energy consumption (0.42 kWh/kg) but lower
power demand of 2.66 kW and low efficiency of 17.23 %. The observation could be attributed
to lower energy PV system yield associated with lower irradiance [25].
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Cold start test for the PV vessel (19 Dec 2023)
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Figure 16: Cold start temperature and energy matrix achieved on 19 December 2023

Hot start: Figure 18 highlights the performance of 8 hot start runs (WB1 to WB8) on 20
December 2023.

On average, it took 17.38 minutes for 5 kg of water to absorb 0.36 kWh energy from the total
1.56 kwh supplied by the PV system translating into 22.89 % energy efficiency. The power
achieved was 5.41 kW (0.64 kW/kg specific power capacity) as shown in Table 6.

Table 6: Achieved thermal and energy figures during Cold start

Parameters Mean Standard Deviation Minimum  Maximum
Epv (kWh) 1.81 0.23 1.67 2.08
Time (Min) 34.67 10.69 28.00 47.00
Power (kW) 3.24 0.51 2.66 3.60
Final Temp (°C) 92.97 2.47 90.90 95.70
Initial Temp (°C) 31.15 2.10 29.46 33.50
Energy gained by the water (kWh) 0.36 0.02 0.34 0.38
Elosses and Evessel (kWh) 1.45 0.24 1.30 1.72
Efficiency (%) 20.14 2.73 17.23 22.64
irradiance (W/m?) 891.72 98.90 777.72 954.64

Cold start V Hot start

Generally, the efficiency of hot start boiling tests was 2.75 % higher than the cold start. Lower
efficiency of around 22 % of all the runs could be attributed to the lower quantity of water (5Kg)
used. Efficiency is said to increase with increased volume of medium been cooked [22].

To warm the water almost to the same temperature as the hot start, the cold start runs consumed
99.5 % more time, resulting into 70 % less power. This could be attributed to the fact that energy
supplied by the PV system to the heaters goes to heat the vessel body first and then get absorbed
by the water, while some is lost to the environment. As the duration of heating water to 90

degrees increased, the energy losses and energy consumed by the vessel body remain
approximately constant [22].
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Cold start test for PV Vessel (20 December 2023)
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Figure 17: Cold start temperature and energy matrix achieved on 20 December 2023

As can be seen from Table 5 and Table 6, the temperatures (final and initial), energy gained by
the water and irradiance were not significantly different. However, the time, energy, power and
efficiency was significantly different.

Table 7: Hot start achieved thermal and energy figures

Parameters Mean  Standard Deviation Min Max
PV Energy Supplied (kWh) 1.56 0.08 1.46 1.72
Time (Min) 17.38 1.69 16.00 21.00
Power (kW) 541 0.42 4.48 5.72
Final Temp (°C) 92.15 1.40 90.80 94.40
Initial Temp (°C) 31.18 0.42 30.60 31.70
Actual Energy gained by the water (kWh) 0.36 0.01 0.34 0.37
ElLosses and Evessel (kWh) 1.17 0.05 1.16 1.25
Efficiency (%) 22.89 1.22 20.54 24.66
irradiance (W/m?) 948.77 14.22 917.49 957.71
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Hot start water boiling tests (Temperatures and Cummulative energy as the function of time) .
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Figure 18: Representative Runs for hot start temperature and energy matrix achieved on 20 December 2023

Scheffler Steam powered roasting pan

Figure 19 highlights the thermal performance of the direct steam roasting vessel. The average
Scheffler temperatures monitored were almost 3 times higher than the steam. In some instances
as shown in Figure 19 label E to F, the water temperature was observed to be more than the pan
surface temperature.

Steam Pan thermal performance
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Figure 19: Temperatures on Scheffler steam roasting vessel

This may be explained by the fact that heat moves from the hotter materials in the steam to the
cooler material (the roasting pot). The steam condenses as the energy is absorbed by the roasting
vessel's surface as it transfers its latent heat there. At times a thin layer of vapor forms between
the condensed water and the hot surface of the vessel and acts as an insulator. It could be also
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possible that the condensed water in the steam chamber was more than required and insulated
the system [26—28].

Steam pan temperature ranges
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Figure 20: Steam roasting vessel performance
Training and capacity building

Students, some members of partner cooperatives and members of staff where trained on how to
operate the equipment and basic maintenance.

Figure 21: Inducting the CEO of Atelier Associatif Experience 07 from Anfoin Togo, one of the local gari
equipment manufacturers on the technical operation of the SunGari vessels

Members of the partner cooperatives and manufacturers have expressed interests in adopting
this technology in Togo.
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Impact and benefits
Scientific and technological impact

e Impact of science and technology: Advancement in Renewable Energy: By utilizing
solar PV technology in the cooking process, this innovation demonstrates its
adaptability and lays the groundwork for further studies in sustainable cooking.

e Increase in efficiency and storage: The technology makes improvements in energy
storage and photovoltaic efficiency, which are beneficial for other solar applications
with high demand.

e Catalyst for Research: This service is unique and promotes more research into
sustainable cooking services.

Economical and societal impacts

e Fuel cost savings: Reduces reliance on costly fuels such as gas, saving money for
households, particularly in low-income or off-grid locations. Health and
environmental benefits include lower indoor air pollution from traditional fuels, which
improves health and quality of life.

e Health and environmental benefits: Reduces interior air pollution caused by
traditional fuels, thus enhancing health and quality of life. This technology have the
capacity to save carbon emissions and deforestation associated with the use of
woodfuel.

e Job creation: Provides opportunities for installation and maintenance, hence boosting
local economies.

e Energy independence: Reduces dependency on woodfuel and imported fuels,
increasing environmentally friendly energy consumption.

Future Applications

The University of Kassel is investigating the potential of utilizing an inexpensive heating silicon
pad to generate high temperatures for cooking, roasting, processing honey, and making
popcorn. The technology's potential for the future are as follows:

e Smart grids and hybrid systems: Microgrids integration of PV cooking can aid in
energy load balancing.

e Expansion to other household and food processing needs: facilitates the transition
to totally solar-powered households by readily adapting to other high-energy
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appliances, such as water heaters. It could also be used to decarbonize the honey
processing sector in Africa that mainly depends on firewood.

e Emergency and remote applications: Provides off-grid cooking in disaster or
isolated areas where fuel is scarce.

e Regional customization: It easily adapts to many climates and cultural needs, making
it feasible globally.

Conclusion

This innovation, which develops solar-powered cooking services, is a significant step forward
in sustainable energy solutions for cottage to small-scale industrial processes. Being the first to
use solar technology in the production of staple foods, this initiative shows how renewable
energy may revolutionize conventional processing techniques and provide a robust, cost-
effective, and clean substitute for fossil fuels and hard to source woodfuel. As a ground-
breaking application in food processing, the incorporation of a Life Cycle Sustainability
Assessment (LCSA) as a baseline survey further demonstrates this project's dedication to
sustainability and makes it possible to fully comprehend the social, economic, and
environmental effects of staple food production.

The solar cooking service lowers operating costs for processors and increases their resilience
by substituting renewable energy sources for non-renewable ones, thereby supporting SDG 7
(Affordable and Clean Energy), which is in line with several other Sustainable Development
Goals (SDGs) of the UN [29]. Additionally, it satisfies SDG 3 (Good Health and Well-Being)
by lowering air pollution from conventional fuels, which benefits local communities and
employees alike. SDGs 1 (No Poverty) and 8 (Decent Work and Economic Growth) are
supported by the financial savings provided by solar energy, which also advances SDG 12
(Responsible Consumption and Production) by guaranteeing sustainable resource usage.

Beyond its immediate effects, this project lays the groundwork for expanding the use of solar
energy in a variety of small-scale sectors, such as food production and other vital energy-
intensive processes. It has the potential to assist SDG 11 (Sustainable Cities and Communities),
strengthen local economies, particularly in isolated or energy-constrained places, and promote
resilient, sustainable growth.

This project demonstrates solar energy’s revolutionary significance in small-scale industries,
setting a precedent for sustainable industrial practices and contributing to a more equitable,
clean-energy future. Continued investment and innovation in this field will magnify its good
effects, allowing more communities to thrive sustainably.
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Financial issues

All expenses where used according the proposal and have been necessary to reach the aim of
the research work. Main costs resulted from staff salary, other expenses have been spent to buy
material for experimental work. Travel was necessary to do the field tests as described in the
proposal.
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Figure 25: Cassava mash fermentation Coopérative des femmes NOVIVA de Tokpo

Figure 27: Breaking and sieving of cassava mash cake Coopérative d'Action pour le Développement (CAD) de
(Wogba, Vagan)
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Packaging/storage

Figure 29: Gari sieving (Grading) and packaging Coopérative des femmes NOVIVA de Tokpo
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