Science Journal of Energy Engineering
2024, Vol. 12, No. 4, pp. 67-80
https://doi.org/10.11648/j.sjee.20241204.11

SciencePG
Science Puﬁng Group

Research Article

A New Approach to Integrating Renewable Energies in the
Design of a Shea Kernel Solar Mill

Yamako Soungalo Soulama® ™ @, Frederic Bationo® ©, Tchamye Tcha-Esso Boroze'

!Department of Rural Engineering and Agricultural Machinery, University of Lome, Lome, Togo

%Institute for Research in Applied Sciences and Technologies, National Center for Scientific and Technological Research,
Ouagadougou, Burkina Faso

Abstract

The development of the agri-food sector in West African countries is limited by energy and technological factors. As a result, the
main shea nut producers in these countries, Burkina Faso, Nigeria and Mali, export their production to the benefit of large
industries in northern countries. One of the most difficult operations involved in transforming shea nuts into shea butter is
grinding. Processing shea kernels into shea butter requires a mill or grinder. The types of energy (diesel and electricity) used by
these mills are fossil-based, difficult to access and pose huge environmental issues. The objective of this work is to design a mill,
operating with photovoltaic solar energy as an energy source, in a design approach using design rules and industrial engineering
tools. To this end, a survey on the practices of the networks of agri-food equipment stakeholders on the use of renewable energy
and the characterization of the network of solar mill stakeholders were carried out. The results of the surveys and the network
characterization of the stakeholders, combined with those of the literature review, made it possible to define rules for integrating
renewable energy into the design of the solar mill. The use of functional analysis and a tool to help choose energy-efficient
technological solutions enabled to apply the rules for integrating renewable energy into the design of the shea kernel solar mill
for validation purpose. The results of the functional tests of the solar mill showed a production capacity of 270 Kg of shea kernel
paste, a solar energy consumption of 11,532 kWh equivalent to an energy consumption of 1.82 USD in 6 hours operational time
per day.
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1. Introduction

According to the World Bank report, West African Coun-
tries (WAC) have the lowest access rate to electricity in the
world in 2022, estimated at 42% for the general population
and only 8% for the rural population. On average, these
countries experience power outages of up to 80 hours per
month [1]. This factor is a hindrance to the development of the

agri-food industry, as all activities require the use of energy
[2]. The West African agri-food industry is faced with a lack
of access to energy-appropriate, affordable and cli-
mate-resilient equipment.

Burkina Faso is one of Africa's largest producers of shea
kernels with approximately 190 million shea trees [3] and only
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processes 8% of its production. This low processing rate is
linked to the limited availability of energy-efficient equipment,
especially in the case of widespread equipment such as the shea
kernel mills [4]. The mills run on diesel or electricity from
thermal power plants, which are polluting and expensive en-
ergy sources. Indeed, shea butter which is widely consumed
around the world is obtained according to the following stages
of processing shea kernels: drying, crushing, roasting, grinding,
churning or pressing, etc. [5]. It is used in several fields in-
cluding the food industry, the cosmetic industry, medicine and
has great economic potential. Its production is energy-intensive
and consumes enormous quantities of wood energy [5, 6].
Processing 100 kg of fresh shea kernel requires 28.34 kg of
wood, corresponding to 0.0045 ha of deforested forest cover
and results in average carbon dioxide emission from wood
combustion of 46.8 kgeq CO, [7]. In addition to wood energy
consumption, crushing and grinding operations use electric
motors from 5.5 to 7.5 KW or 10 to 22 hp diesel engines [4].
Grinding is a step usually present in several agri-food trans-
forming processes for oilseeds as well as cereals, which is why
we will use it as an application case to provide solutions to
these constraints. Several design tools in response to the prob-
lem of equipment design in West Africa have been the subject
of many works based on the analysis of the needs of the African
socio-technical and socio-economic context. Examples include
the design method in southern countries, CESAM method, the
integration of manufacturing and maintenance in the design of
agri-food equipment the inclusion of the socio-technical net-
works of maintenance and the application of specific mainte-
nance-oriented design rules in the design of equipment the
integration of industrial engineering tools in the optimization of
the design of dryers for agri-food products in tropical climates,
and the proposal for an Eco-design approach to agri-food
equipment [8-11] etc. All these works have helped to integrate
the socio-economic environment into the design of WACs, but
energy issues have not been sufficiently addressed, especially
with respect to Renewable Energy (RE). As for the energy issue,
a number of studies have provided technical and organizational
solutions for improving the energy efficiency of production
processes in agri-food processing industries. In particular,
wood energy is replaced by biomass briquettes from food and
agricultural production waste, fossil energy is replaced by
photovoltaic (PV) solar energy for the operation of agri-food
equipment, the multi-criteria analysis tool for choosing ener-
gy-saving technological solutions (ASTEE), the promotion of
solar mills, imported from Europe or Asia [13-15]. However,
not all these approaches include the stakeholders of the so-
cio-technical networks of local Agri-food Equipment (AE)
manufacturers [10]. In fact, these stakeholders ensure mainte-
nance and technical monitoring of the equipment and they
facilitate the appropriation of agri-food technology by the
beneficiaries. For instance, it appears that the promotion of
imported solar mills in WAC:s is limited by the appropriation of
the technology by agri-food units.

In order to help meet the various technological, energy and
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transfer constraints of agri-food technologies in West Africa,
this study aims at proposing a design approach for the network
which can take into account the technical and human envi-
ronment, the stakeholders of the socio-technical networks of
renewable energies (RESN). This approach will make avail-
able energy-efficient and climate-resilient equipment for the
benefit of small agri-food units in Burkina Faso and West
Africa.

2. Methodology

2.1. Development of Rules for Integrating RE
into the Design of the Solar Mill

Surveys carried out among stakeholders composed of
Agri-food Equipment Manufacturers (AEM), AE Users of
Agri-food Equipment (UAE) and Renewable Energy Service
Providers (RESP) in two WACSs, Burkina Faso and Togo, shed
light on the constraints limiting the integration of RE in the
design of AE in WACs. These constraints have an impact on
the quality of WAC shea butter production. [5]. The analysis
of these constraints led to the characterization of the envi-
ronment of the network of shea kernel solar mill stakeholders.
This approach made it possible to define the socio-technical
network of the solar mill with the practices which allowed for
the development of the rules for integrating RE into the design
of the solar mill. This approach is consistent with that of
which defined the rules for integrating maintenance into the
design of AEs based on the practices of socio-technical
maintenance networks (DFMsn) [14].

2.2. Socio-Technical Network Concept

The network approach is defined as a method of description
and inductive modelling of a relational structure between a group
of stakeholders [16]. It is used in an empirical approach to char-
acterize the social and technical environment of the stakeholders
of an innovator network or any other organization. The social
network is a set of relationships based on social and technical
links (trust, support, technical advice, etc.) between a group of
stakeholders. Its analysis highlights the types of repetitive rela-
tionships that govern the structure of a social organization [16].
The design rules for the socio-technical network of renewable
energies (RESN), is the proposal of the social and technical
capital of the socio-technical networks of RE, as a tool for inte-
grating RE into the design of AEs. This approach is in agreement
with those of who developed a tool for integrating maintenance
into the design of AEs [15, 16].

2.3. Modelling the Network of RE Stakeholders

The practices of the stakeholders of the solar mill, coupled
with the documentary review, made it possible to model the
exchanges between the stakeholders of the RE network. Table
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1 Below shows the modelling of exchanges between network
stakeholders. This model is used here to characterize the
specific and technical environment of renewable energy

stakeholders. We call it the “Socio-technical Network of
Renewable Energies RESN” [16].

Table 1. Modelling model of the socio-technical network of AEs RE stakeholders.

Symbol Meaning
|:| Represents agri-food equipment
© Represents agri-food equipment, a stakeholder

The letter represents the flow of exchange between the actors. M=work material, S=Specific parts,

C=component, T=Technology, E=Equipment. The thickness of the arrows shows the frequency of ex-

changes, more frequent 1 to months, less frequent 3 to 6 months.

Intervention on equipment. The thicknesses have the same meaning as that of the flows of exchanges

between stakeholders.

Table 1, shows the modelling figures of the RE stakeholders of the AEs. This modelling presents the EAs, the stakeholders, the
nature of exchange flows in social and technical capital and the frequencies of exchanges. It was used to characterize the network
of solar mill stakeholders. This approach to characterizing the environment of the RE stakeholders of the solar mill, is in line with

that of the socio-technical network of AEs maintenance of [10].

Table 2. Network stakeholders and their role.

Network stakeholders

Welding workshop with 3 mill manufacturer welders (AEM)

A company (Africa solar) supplying and installing photovoltaic solar
energy equipment, the team of which is made up of 2 solar engineers and
3 solar equipment installer technicians (RESP)

A research center for appropriate technologies and renewable energies,
Albert Schweitzer Ecological Center (CEAS Burkina) NGO with a team
of 2 engineers in RE, 2 mechanical engineers, 2 in industrial engineering
and 5 qualified workers holders of a Vocational certificate.

Garango Women’s Union UFG

Sellers of work materials, components, specific parts

Shops selling photovoltaic (PV) solar energy equipment

Roles

Participating in the manufacturing of the shea kernel mill,
installations and functionality tests. Ensuring mechanical
maintenance

Participating in the sizing of the PV solar energy generator and
installation. It ensures the maintenance of PV solar energy
production equipment.

Responsible for research, planning and execution. The design
and integration of renewable energies RE was carried out by its
team.

Requester for the solar mill from the NGO CEAS Burkina.
Carrier of the shea butter production unit. It is in charge of
operating the solar mill.

Sale of manufacturing materials, mechanical and specific parts.

Sale of RE renewable energy equipment and components

Table 2, presents the stakeholders of the shea kernel solar mill network. The practices of these stakeholders, the flows of
exchanges between the members of the network (from the design to the use of the solar mill) were modelled to present the
socio-technical network of RE of the shea almond solar mill. The network's practices have been developed into rules for inte-

grating RE into the design of AEs.

69


http://www.sciencepg.com/journal/sjee

Science Journal of Energy Engineering http://www.sciencepg.com/journal/sjee

2.4. Calculation Formulas and Sizing

Table 3. Sizing formulas for PV solar components and equipment.

N< Calculation elements Formulas, calculation method and comment

Ej =Y Pux* Nbr = dt
Ej= Daily energy consumption in (Kwh/j)
Pu: Unit power in (W)

1 Det_ermination of daily energy needs Nbre: Number of devices
(Bej) s o
dt: Daily usage time in hours
It will make it possible to calculate the mill daily photovoltaic solar energy need. This
calculation method is consistent with that used by to size a medium power PV solar
installation [17].
. The sunshine data are expressed in KWh/m3d. They can be recorded on site. Software
Calculation of the average solar energy - .
2 of the area can be used to calculate the values on the inclined plane. In Burkina Faso, the average
solar irradiation is estimated at 5.5 kWh/m?/day according to [2]
_ Et
Pg " kxEns
Pg: Peak power (WCc)
And: Total energy consumed
3 Step Calculation of the PV generator K: Correction factor (it depends on the efficiency of the equipment used such as an
power inverter, regulator, batteries)
Ens: Sunshine (kWh/m?/Day).
This calculation method is in agreement with the methods of [17] to size a medi-
um-power PV solar installation and lighting system.
The formula for the work of [3] used in the sizing of a hybrid PV electrification system
was used to calculate the storage capacity.
—_ ETutX]Aut
CBat - DODmaxXVBat
Cgat: Battery Capacity
4 Calculation of storage capacity Ero: Total energy
Jaut: Autonomy day
DODp.: Discharge depth
Vg, Battery voltage
The formula will be used to calculate the supply batteries of the equipment, the inverters,
the bulbs and the lighting, because the mill will operate according to the daily sunshine.
Inverters convert direct current into alternating current [17]. The calculation method is
the same as that used by [17] to size a medium-power PV solar installation.
5 Choice of inverters Pona = PBrax + 10%Pyx

Pona: Inverter power
Prax: Maximum power of all equipment

Monthly energy production = GHI X A X Dm X n
GHI: Monthly average solar irradiation (kWh/m?/day);
A: Surface area of the PV panel (m?);

6 Production of PV solar energy Dm: Number of days in a month (30 days);
nPV: PV conversion efficiency

This is the method used by to evaluate the economic profitability of a PV electrification
system. It will be used to calculate the production of PV energy [3].
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The formulas in Table 3 were used to size and calculate
the energy needs of PV solar energy components and equip-
ment in the application of the rules for integrating RE into
the design of the solar mill.

2.5. AF Tools in the Design of the Shea Kernel
Solar Mill

We used the tools of external functional analysis (horned
beast and octopus) to define the different functions (main and
constraint) and draw up the Functional Specifications (CDCF)
of the solar mill. These enabled to carry out the technical
functional analysis and to develop the Technical Function
and System Analysis diagram (FAST) of the solar mill. The
FAST diagram made it possible to define the functions of
services, techniques and technological solutions. From the
FAST, a new technical function has been added to the opera-
tion of the mill, to allow the use of an asynchronous motor
with an energy requirement compliant with the solar mill
CDCF. The CDCF and FAST were used, on the one hand, to
filter the rules for integrating RE into the design of the shea
kernel solar mill and, on the other hand, to apply these rules
through the choice of operating principles and the sizing of
mechanical, electrical, ER components, etc.

Material and
new parts
seller

Parts market and
recycled materials

Designer :
CEAS Burkina

2.6. Functionality Test of the Solar Shea Kernel
Mill

A protocol for producing shea butter paste with the solar mill
has been developed. The production parameters collected are
the different weights of the shea kernels (crushed and roasted),
the paste obtained, the solar PV energy consumed and the
grinding time was timed. The shea kernels (Vitellaria paradoxa)
were crushed and roasted before grinding. The paste obtained
followed the shea butter production process by churning to
certify the proper operation of the solar mill in order to validate
the rules for integrating RE. This process of transforming shea
kernels into shea butter is in line with that applied during the
study on shea butter production processes in Burkina Faso [4].

3. Results and Discussions

3.1. The Socio-technical Network of RE of the
Solar Mill

Based on the modelling tools presented in Table 1 the
socio-technical RE network of the shea kernel solar mill was
modelled. We started from the ordinary mill network by
integrating RE stakeholders into this network [14]. Figure 1 shows
the socio-technical renewable energy network of the solar mill.

=,
~

PV equipment
sales shop

g s "

Figure 1. Socio-technical network of renewable energies of the shea kernel solar mill.

Figure 1 shows that the solar mill was designed and man-
ufactured by the NGO Albert Schweitzer Ecological Center
of Burkina (CEAS Burkina) through the RESN. It ordered an
ordinary shea kernel mill from an AE manufacturing work-
shop (welders). In addition, CEAS Burkina worked on the

71

mill by integrating new technical functions to operate the
mill with solar PV energy. To do this, it requested the exper-
tise of Africa Solar for the supply of PV solar energy com-
ponents and equipment (CE). All stakeholders were involved
in the installation of the solar mill by collaborating in a com-
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plementary way. Users frequently intervene on the solar mill
for their shea butter production operations. If necessary, they
call on Africa Solar welders or technicians depending on
whether the breakdown is mechanical or electrical. During
operation, CEAS Burkina intervenes less on the solar mill.
The solar mill technology is transferred to local AEMs and
the RESPs through training. The RESP works between local
AEMs to promote solar mills. This socio-technical network
approach allows innovators (artisans) to create and accumu-
late resources in the form of social capital, which will make
it possible to innovate the solar mill with the view respond-
ing to new technological and energy constraints. This RESN
result of the solar mill is in line with the socio-technical
network concept of [15]. The RESN model is in agreement
with that of [14] relating to the socio-technical networks of
AE maintenance in West Africa. The difference between
these two networks is the inclusion of new RE stakeholders,
who are essential for the maintenance of the solar PV pro-
duction equipment. The equipment belongs to an RESN
family which maintains social and technical links (manufac-
turing, use, maintenance, exchanges based on trust, etc.) for

Bad weather

Cb‘

PV Solar
energy

D

kernel

the production of shea butter with a mill that runs on solar
PV energy. The characterization of the practices of the RESN
stakeholders of the added solar mill, the use of AF and the
multi-criteria analysis tool for choosing energy-saving tech-
nological solutions (ASTEE), made it possible to develop
and apply the rules for integrating RE into the design of the
solar kernel mill. The results achieved are consistent with
those of during the design of the mill with the socio-technical
network approach to maintenance [15]. The RESN in figure
1 constitutes the design and operational team of the solar
shea kernel mill.

3.2. Functional Analysis (AF)

1. CDCF functional specifications for the shea kernel so-
lar mill
The horn beast tools and octopus diagram were used to
draw up the CDCF. Analysis of each factor in the mill's op-
erating environment led to the definition of the main func-
tions and constraints. The octopus diagram shown in Figure
2.

FP1 Transforming shea kemels

Fcl Preparing shea kernels

Fc2 Grinding the crushed shea
kernels into paste

FC3  Comnecting to a PV solar energy
production unit

FC4  Ensuring maintenance of the
mill by RESN

FC5  Complying with agri-food
standards

FC6  Resisting bad weather

FC7  Integrating dynamic machine

safety

Figure 2. Octopus diagram.

Table 4. Outlines the functional specifications of the solar mill.

Main functions and constraint  Criteria

FP1: Transforming the shea

kernel into paste C1.1. Daily operating time

FC1: Preparing the shea kernels

FC2: Grinding the crushed shea
kernels into a paste

FC3: Connecting to a PV solar
energy production unit

C1.1. Hourly capacity for grinding crushed shea kernels per day

C3.1: Spacing and tightening of grinding chamber millstones

C4.1: Produce on average a photovoltaic solar energy

72

C2.1: Grind and roast the shea kernels

Flexibility
el thresholds
45 kg/h 15
5am +H
5mm +
1922.5 Wh +77.5
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Main functions and constraint  Criteria

FC4: Ensuring the maintenance

of the mill by RESN RESN agri-food equipment

FC5: Complying with agri-food
standards

FC6: Resisting bad weather and
protecting the environment

FC7: Integrating dynamic ma-
chine safety

The characterization of each function and the daily shea
kernel paste needs of the agri-food unit were used to draw up
the functional specifications for the solar mill. The results
obtained are comparable to those of the flour processing unit
and the tools to assist in the design of dryers [8, 9].

2. CDCF Functional Specifications

Table 4, shows the main functions and constraints of the
solar mill with their applicability criteria, operating values
(level) and the limits not to be exceeded (flexibility). The
CDCEF clearly defines the needs for solar PV energy, the
functions to be performed by the solar mill, the parameters
and indicators of proper functioning of the mill, etc. The
results are comparable to those of CDCF's energy-saving

Flexibility

el thresholds

C5.1: Use the rules for integrating renewable energies into the design of

C6.1: Comply with the quality NBF 01-004-2006 on shea kernels and
the Burkinabe standard NBF 01-005-2006 on unrefined shea butter

C7.1: Install the mill in a facility that can withstand all types of weather.

C7.1: Put protection on all dynamic parts of the mill.

dryer design [10]. The parameters related to the solar PV
energy functions of the CDCF are in agreement with those of
the classic solar mill and Zebra, according to a study of solar
mills in WACs. Compared with the functions of ordinary
mills, these results are in agreement with the operating prin-
ciples of shea mills of the works of [11].

3. Analysis of Functions and Technical Systems (FAST)

From the FAST diagram, we have defined the components or
technological solutions that will contribute to the performance
of the various technical functions and fulfil all the service func-
tions of the subsystems of the solar mill. Figure 3 shows the
FAST diagram for the solar mill, different functions (main,
services, technical) and technological solutions.

MAIN FUNCTION FP SERVICE FUNCTIONS FS

TECHNICAL FONCTIONS  FT

TECHNOLOGICAL
SOLUTIONS ST

FS$1: Convert solar PV
energy into mechanical
energy for grinding shea
kernels

Transform shea kernels
into paste using solar
PV energy

FT1: Produce solar PV energy

v

ST1: Solar PV generator

v

v

FT2: Transpaort solar PV energy to
the mill's energy receiver

FT3: Converl solar PV energy into
mechanical energy

FT4: Transmit mechanical energy
from the asynchronous motor to
the mechanical energy receivers

of the grinding chamber

| FS2: Grind or crush shea

—P kernels

v

‘

FT5: Adjust the grinding particle
size of the shea kernels

F16: Start the asynchronous
motor

FT7: Convey shea kernels in Lhe
grinding chamber

FT8: Keep the adjustment of
grinding particle size (millstones
spacing and tightening
movements) to facilitate shea
kernels grinding

v

A 4

v

ST2: Cables or electrical
wires, asynchronous
motor

ST3: Asynchronous moltor

'5T4: Pulleys, belts, shaft,

millstones

—

FT9: Collect shea kernel paste

Figure 3. FAST of the solar.
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A 4

v

v

ST5: Screw and ball for
adjusting millstones
position

ST6: Electrical box

ST7: Feeding hopper

ST8: Front adjusting screw
and spring reducing
mechanical grinding
constraints

A 4

ST9: Spillway
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From the main function, 2 service functions (FS) were de-
fined to perform it. The FS1 produces solar PV energy and
the FS2 transforms shea kernels into paste. From FS1 and
FS2, the technical functions (FT) and technological solutions
(ST) of each of the two FS have been defined. The FT, ST
and the operating parameters of each of the functions defined
in the CDCF of the solar mill were used for filtering and
applying the design rules of the shea kernel solar mill. The
FAST of the solar mill is comparable to that of the ener-
gy-saving dryer [10].

3.3. Rules for Integrating RE into the Design of
the Shea Kernel Solar Mill

The RSER practices of the solar mill, combined with the ex-
ploitation of the design method for socio-technical maintenance
networks (DFMsy) [14], the AF tools (CDCF, FAST) and the

ASTEE of the literature review, made it possible to develop the
rules for integrating RE into the design of the solar shea kernel
mill. The indicators of rules 1 and 2 come from DFMgy and
those of rules 3 to 6 were defined on the basis of the sizing work
of solar PV installations [17, 18]. Table 4 presents the rules for
integrating the RE of the solar mill.

Table 5, presents the rules for integrating RE into the de-
sign of the solar mill drawn from the practices of RSER
stakeholders and the literature review. Six (6) rules for inte-
grating solar photovoltaic (PV) energy into the design of the
solar mill have been defined. The results obtained, rules 1 to
2 are in accordance with the rules of the work of [14] rules
for integrating maintenance into the design of AEs, rules 3 to
6 are in agreement with those used by [2, 10] to integrate
solar PV energy into the design of an agricultural product
dryer.

Table 5. Rules for integrating RE into the design of the solar mill.

Rules for integrating RE into the design of the solar
mill

Rules 1.2: Filter operating principles or technological solutions
Rule 1: Avoid complex and energy-intensive operating

principles; in the event of simple principles not being |
DA ICP

found, consider questioning the corresponding technical

function.

Rule 2: Choose energy-saving technological compo-

nents using the ASTEE energy-saving technological loa, lcp

solutions choice analysis method
Rules 3,4,5: Filter modes of RE use

Rules 3: Convert solar energy into PV electrical energy
from photovoltaic cells to power the solar mill STs

Rules 4: Orient the absorbers of solar rays towards the
direction and rotation direction of the sun, thanks to the
appropriate inclination of the collectors.

Rules 5: Avoid shading on the installation site, espe-
cially on the surfaces of the collectors by installing
them on perimeters exposed to solar radiation.

Rule 6: Filter of beneficiaries support modes for optimal AE use

Rules 7: Train beneficiaries in the use and maintenance
of AEs and RE through training and equipment use
materials.

3.4. Implementation of Rules in Mill Design

Rule 1: Avoid complex and energy-intensive operating
principles; in the event of simple principles not being found,

Rule indicators and appli-
cation threshold

Solar potential is between
(0-6kWh/m? /day) in the PAO

Angle of inclination (14-159
in WACs

Optimization of production
by beneficiaries

74

Interaction of rules
with FAST and CDCF

Sources of rules
and indicators

The solar potential received
by the PV modules (0-6
kWh/m? /day) in the WACs

FS2
[14] and practices
of the solar mill
RSER
TF3, FT4,
FT5
FT1, FT2, CDCF
[17, 18] and
practices of the FTL
solar mill RSER
FT1

[14] and practices
of the solar mill
RESN

FTS, FT6, FT6, FT7,
TF8, FT9

consider questioning the corresponding technical function.
The design team is made up of members of the RESN see
figure 1. The application of rule 1 has not basically modified
the operating principle of the ordinary mill. Indeed, the de-
sign of the mills was the subject of several works (Bationo,
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2007; Marouzé 1999) which made it possible to design and
transfer the mill technology to the AEMs. The principle of
grinding by friction is used by ordinary mills and new solar
mills imported from Europe or Asia, according to a study of
solar mills in WACs. As a result, an ordinary mill was manu-
factured by the AEMs without any modification for the ap-
plication of the rules for integrating RE into its operation.
The manufacturing time was thirty (30) days. The principle
of friction operation has remained the same. On the other
hand, the application of FT3, FT4 and FT5 of the FAST and
the parameters of the CDCF have led to modifications on the
operating principle of the ordinary mill.

Rule 2: Choose energy-saving technological components
using the ASTEE energy-saving technological solutions
choice analysis method.

Rule 2 made it possible to choose the STs that could ac-
complish FT3, FT4, TF5 and FT7 in order to respond to the
need expressed to CEAS Burkina, by the agri-food unit for
the production of shea butter, to have a solar mill, operating
on solar PV energy, with a capacity of 50 kg/h and a budget
of less than approximately 11,568 USD.

The tools of AF (CDCF and FAST) combined with that of
ASTEE, made it possible to choose three three-phase asyn-
chronous motors of 2 kw, 3 kW and 4 kW respective power
to carry out the shea kernel grinding tests. The three-phase
motors have a current draw lower than a single-phase one.
They save the energy of solar generators. Several shea kernel
grinding tests were carried out with these three (3) engines
operating on energy supplied by thermal power plants. The
shea kernel grinding tests with the first two motors of 2 kw
and 3 kw were unsuccessful. These two engines were unable
to process the shea kernels into a homogeneous and fine
paste for the extraction of shea butter. With a motor power of
3 kW the budget for the various installations was almost at
the limit of the planned budget of 11,568 USD.

Therefore, the design team carried out discussions in a

Solar panel

Hopper

Grinding "
chamber

Mator

brainstorming process for five (5) days. Two solutions re-
sulting from the discussions were applied without success
(use of a reduction motor and increase in motor torque by a
transmission chain) for a period of 3 months. An in-depth
diagnosis of the results of the tested solutions allowed the
team to question the adjustment mechanism of the grinding
millstones during grinding operations. In fact, the quality of
the shea kernel paste depends on the adjustment (particle size)
of the millstones during the grinding operations. The more
homogeneous and fine the kernel grinding, the higher the
current draw. The friction grinding principle requires friction
between the two (2) millstones to crush (grind) the shea
kernels. The friction between the wheels requires energy.
This demand for energy during friction forces EA manufac-
turers to use engines with power greater than 5.5 kW [11] for
the operation of shea kernel mills regardless of the needs of
the agri-food unit. To overcome this constraint, the design
team installed a spring reducing mechanical grinding con-
straints on the shaft carrying the mobile grinding millstones.
The spring eases friction between the grinding millstones
through its states of compression and elongation successively
during grinding operations. The integration of this techno-
logical solution made it possible to reduce the current de-
mand, carry out grinding operations with the 3 kw motor and
obtain a satisfactory shea kernel paste with a capacity of 35
Kg /h. The choice of the spring was the same as that of the
motor using the ASTEE tool. The tests carried out with the 4
kW motor enabled to increase the production capacity from
35 to 50 Kg/h maximum while remaining within the planned
budget. This new capacity of the mill has led to a reduction
in the volume of the hopper (ST7) (from 10 kg to 3 kg of
shea kernel) to facilitate continuous feeding of the grinding
chamber and avoid jams. This design approach by integrating
ST to improve the operation of AE is in agreement with that
used by [10] when designing the energy saving dryer. Figure
4 describes the different components of the shea kernel mill.

Grinding particle size ’ i i
n et > Spring reducing
ad;{tment system /" Wheels P < mechanical grinding
\& = s constraints

~

Bearings

Figure 4. Description of the different components and integration work of RE in the operation of the shea kernel mill.

Figure 4 shows the ordinary mill (4a), the solar mill with
the different modifications (4b), the integration of the friction
forces damping spring and the grinding millstones (4c). The
AF tools (CDCF and FAST) and ASTEE made it possible to
apply rule 2 for integrating RE into the design of the shea
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kernel solar mill. The application of these rules allowed to
add a technological solution (ST8 of FAST) and to modify
ST7 which enabled to operate the solar mill with a 4 KW
asynchronous motor (ST3 of FAST) figure 4b. The major
innovation is the integration of the spring which made it
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possible to grind shea kernel with a power of 3 kw. The re-
sults are in agreement with those of the works of [10] who
used FAST to integrate a new function into the operation of a
dryer. In addition, the report on solar mills in WACs shows
solar mills operating with 3 KW motors.

Rule 3 Transform solar energy into PV electrical energy
from photovoltaic cells to power the solar mill STs.

The RESP worked with its various members to implement
rule 3. The design and sizing work was carried out by CEAS
Burkina and Africa Solar. The energy requirement of the solar
mill defined in the CDCF constituted the main data for the
implementation of rule 3. It enabled to add the FS1 in the
FAST of the solar mill and to define its FTs from FT1 to FT4
with their technological solutions ST1 to ST4. These data
made it possible to dimension PV solar energy components
and equipment. On the basis of technological solutions ST1 to
ST4, the solar PV energy components and equipment of the
solar PV generator were sized using the formulas in table 3.

Formulas 1 to 3 were used to calculate solar PV energy
needs, the power of the PV generator and the sizing of solar
PV energy production equipment. With a 4 kw, 380 V motor
and a daily operation of 6 hours, See the CDCF, the daily need
is estimated at Ej=24 kWh/d. Taking into account sunshine

and climatic hazards, the solar PV generators were estimated
at Pg= 6,210 Wp.

Table 6. PV solar energy production equipment and components.

Designation Characteristics Quantity
Hybrid inverter  TBB Solar 5 kVA 3

Solar modules  Suntech 345 Wc superpoly 18
Battery 200 Ah AGM 4

DC box Midnite Solar + lightening conductor 3

But fuse Midnite Solar 175 A 3

AC Box Circuit breaker 32 A + lightening 1

conductor
Dimmer Three-phase 4 kW 1

The working time is 6 hours a day and during daytime

The data in Table 6 was used to draw up the wiring dia-
gram for the solar PV generator shown in Figure 5.
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Figure 5. Layout diagram of the mill's PV solar generator.
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Formulas 4 and 5 were used to size the batteries and in-
verter. It should be noted at this level that the energy from
the batteries is used to power the inverter and site lighting.
Table 6 presents the ER equipment.

From Table 6 to Figure 5 the different components and
equipment of the production unit have been dimensioned,
quantified and schematized. The wiring diagram of the solar
PV generator results from the implementation of rule 2. The
solar field is made up of 18 PV modules, connected in series
forming 6 strings of 3 PV solar modules. The strings are
connected in parallel 2 by 2, thus forming 3 outputs which
are each connected to a 5 KVA inverter. Each of the outputs
of the 3 inverters supplies one phase of the three-phase motor
of the mill passing through the electrical box and a speed
drive which regulates the starting current. The design team
did not face any major difficulty in applying rule 2. This is
explained by the fact that the RESP stakeholders within the
RESN have proven expertise in PV sizing and installation. It
is important at this level to take into account the expertise
and specialty of the RESN stakeholders in the implementa-
tion of design rules. The application of rule 2 lasted approx-
imately 1 month. This duration is linked to the choice of the
model of some components (inverter, battery and solar mod-
ule) and their availability on the market (rule 2). The effi-
ciency and the proper operating temperature of the RE com-
ponents are factors to take into account in the sizing and
choice of solar PV components and equipment. The results
obtained from the application of rule 3 are in agreement with
those of [18] to size or evaluate solar PV power plants. The
application of rule 3 made it possible to integrate the FS1
with its TF and ST into the operation of the shea kernel mill.
These results are in agreement with those of [13] when inte-
grating the forced convection function into the operation of
the energy-saving dryer.

Rule 4 Orient the absorbers of solar rays towards the di-
rection and rotation direction of the sun, thanks to the ap-
propriate inclination of the collectors.

From Figure 4, the RE equipment was installed by the
RESP stakeholders of the RESN of the solar mill. The solar
modules were installed in the North South direction to cap-
ture the maximum amount of solar rays. This model of in-
stallation of PV modules is consistent with that of the works
of [18] relating to the evaluation of the performance of a
solar PV plant.

Rule 5 Avoid shading on the installation site, especially on
the surfaces of the collectors by installing them on perime-
ters exposed to solar radiation.

The mill was installed in a building and the solar field on
the roof of the building to avoid shading (application of rule
5). The installations lasted 10 days with functionality tests.
This model of installation of PV modules is in agreement
with that of the works of [17] relating to the evaluation of the
performance of a solar PV plant.

Rules 6: Train beneficiaries in the use and maintenance of
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AEs and RE through training and equipment use materials.

Rule 4 was applied during installations and functionality
tests. UAE of the RESN of the solar mill were trained in the
use and maintenance of the mill and solar PV equipment.
FAST FT7 and FT8 have been implemented. This approach
to supporting beneficiaries to make better use of AE is in line
with that used by [15] on press improvement work the for the
benefit of a women's group in Benin.

3.5. Description of the Solar Mill

The solar mill consists of a feeding hopper, a grinding
chamber, a spillway and an electric motor (see Figure 4b). Its
motor is powered by a generator that produces solar PV
energy. Once the energy is available, we adjust the spacing of
the millstones and introduce the kernels into the hopper FT8.
Through the hopper dosing machine, the shea kernels are
conveyed into the grinding or crushing chamber FT7. The
grinding millstones are repeatedly tightened and retightened
to produce the shea paste FT8. The shea paste is collected in
a dish through the spillway FT9. This mode of operation is in
accordance with the mill [4] defined in their feasibility study
for the establishment of a shea butter production workshop.

3.6. Shea Kernel Grinding or Crushing Tests

A total of five grinding tests of crushed and roasted shea
kernels were carried out following the protocol defined in
point 2.2 of the design method. Figure 6 shows the curve of
photovoltaic solar energy consumption during shea kernel
grinding operations to obtain paste.
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Figure 6. Photovoltaic solar energy consumption by the solar mill.

We see that the energy consumption of the mill is between
1672 and 2173 W through Figure 3. The growth of the curve
at start-up from 0 W to 1672 W is due to the start-up current
draw of the mill. The 1672 W starting power is much lower
than 15 kVA which is the rated power of the AC inverter with
a maximum power of 30 kW. The solar field therefore allows
to support the start-up current and guarantee better operation
of the mill depending on the sunshine of the day from 9 a. m.
to 3 p. m. in Burkina Faso and depending on the periods of


http://www.sciencepg.com/journal/sjee

Science Journal of Energy Engineering

http://www.sciencepg.com/journal/sjee

the year. These results are in agreement with those of [19]
which confirm that the operating power of equipment must
be lower than the power of the supply source. They are used
to validate the rules for integrating solar PV energy into the
design of the shea kernel solar mill.

3.7. Technical Characteristics of the Solar Mill

Table 7. Technical characteristics of the solar mill.

Settings Technical specifications
Shea kernels grinding capacity 45 +5 kg/h

Gap between grinding millstones 4 mm

Grinding rate 100 %

Loss rate 4%

Texture of the shea almond paste Fine

Average solar energy consumption  1922.5Wh

Dimensions (L x | x h) (mm) 1255 x 922 x 1435
\oltage measure 390V

Nominal motor voltage 380V

Rated motor power 4 KW

Motor speed 1470 tr/min

Daily production capacity i;gttfg /6h of shea kernel
Daily solar energy consumption 11,532 kWh

1.82 USD compared to the

Economical energy gain price of KWh in Burkina

The characteristics of the mill are very satisfactory for the
shea butter production unit of the UFG association. In fact,
such production capacity allows the unit to process a maxi-
mum of 300 kg of shea kernels per day, or 270 kg / 6 hours
of butter paste per day. This capacity enables them to satisfy
their annual production. The technical characteristics of the
solar shea kernels mill are in agreement with the technical
characteristics of the solar cereal mills of the works, accord-
ing to a study of solar mills in WACs, who showed that the
solar mill, from the Solar Milling brand, has a performance
of 40 to 200 Kg/h for grinding cereals with a 3 kW PV gen-
erator. The SUNGUF S-75 V model has a production capac-
ity of 50 to 75 Kg/h for milling cereals with a 4 kW solar
generator. Table 7 also shows an economic gain of 1.82 USD
due to the non-connection of the shea butter production unit
to Burkina’s national electricity supply network. This result
is in agreement with those of [21] who showed economic
gains of 23,828.8 USD and 27,553.1 USD when drying to-
matoes and carrots with a dryer using solar PV energy. From
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the above, we can conclude that the rules for integrating RE
applied to the solar mill through the tools of the AF (CDCF
and FAST) and ASTEE, make it possible to integrate RE into
the operation of the mills of small agri-food processing units
in West Africa. These results are in agreement with those of
[7, 12] validation works on the socio-technical net-
work-oriented design method with the mill and the press.
This design approach is in line with DFX of [20].

4. Conclusion

As a result of our work, rules for integrating solar PV ener-
gy were developed and applied in the design of the shea kernel
solar mill. Shea kernel grinding functionality tests showed an
average capacity of 45 Kg/h of processed shea kernel and a
solar PV energy consumption of 11,532 kWh equivalent to an
energy consumption of 1.82 USD compared to consumption
energy of ordinary mills. The implementation of the rules for
integrating RE into the design of AES requires special-
ty-oriented collaboration of each member of the RESN. The
most complex phases are the choice of energy-saving solutions
that will enable RE to be integrated into the operation of the
EAs. It is important to carry out a sound diagnosis of existing
EAs in order to provide appropriate solutions for integrating
RE into the design of AEs.

This approach allows, on the one hand, for the adaptation
of the technology to its socio-technical environment and, on
the other hand, the appropriation of the technology by the
network stakeholders. At this stage of ours works, the results
obtained confirm that we can develop rules for integrating
RE into the design of AEs from the practices of RESN of
AEs and apply them using the tools of the AF (CDCF and
FAST) and ASTEE. Admittedly these results help respond to
the problems of appropriation of technologies by RESNs,
access to energy for small agri-food units, and reduction in
the production of greenhouse gases. But for a better adoption
of this approach and the design of new AE technologies
using RE as an energy source, our next works will propose
an RESN-oriented design approach (DFgesn). The develop-
ment of this approach will involve the definition of integra-
tion rules for other forms of RE (solar thermal energy and
bioenergy) with the indicators and their threshold of applica-
tion in the WACs.

Abbreviations

AF Analysis Fctional

ASTEE  Tool to Help Choose Energy-Efficient
Technological Solutions

AEM Agri-Food Equipment Manufacturers

AE Agri-Food Equipment

CDCF Functional Specifications

CESAM  Design Method in Southern Countries, Method

ER Renewable Energy
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ST Technological Solutions
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