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ARTICLE INFO ABSTRACT

Keywords: Burkina Faso’s agricultural and industrial sectors are sources of biomass production which are not
Crop residues well tapped. However, the exact quantities available and mobilizable with connection to recovery
AHP

technologies are not available in the literature. Also, there is very little data on the criteria for the

TOPS,IS, . . . optimal selection of the biomasses to be valorized. In this article, quantification of the main
Multi-criteria decision making . . . . L. . .
Bioenergy biomasses produced in Burkina Faso has been carried out. Additionally, sustainable biomass se-

lection criteria have been established. A hybrid (AHP-TOPSIS) multi-criteria decision-making
(MCDM) approach was used to prioritize suitable biomass resources based on defined criteria for
bioenergy production. Based on expert opinions and an in-depth review of the literature, six main
biomass selection criteria were established: i) biomass availability and accessibility, ii) compet-
itive uses, iii) pollution potential related to residue accumulation, iv) economic impact, v)
biomass energy content, and vi) availability of appropriate biomass conversion technologies.
Moreover, five potential biomasses were investigated, including cotton stalks, rice husks, cashew
nutshells, mango peels, and mango pits. The results of the evaluation showed that cotton stalks
were the best option.

1. Introduction

Agriculture is the main activity in Burkina Faso. It employs over 80 % of the active population and accounts for 32 % of GDP [1].
The main food crops produced are sorghum, millet, corn, and rice, while the main cash crops are cotton, sesame, and peanuts. Burkina
Faso generates large quantities of crop residues.

In addition, the country’s industrial sector is dominated by small agro-industrial units [2]. These units generate large amounts of
waste. The agro-industrial by-products are sometimes dumped on the ground causing environmental issues in the cities.

Very low quantities of organic waste from crops and agro-industries are converted into energy [3]. The crop residues are tradi-
tionally used as animal feed, fertilizer for soil improvement, and/or as fuel. The agro-industrial waste is not much valued and is usually
disposed of without treatment in uncontrolled landfills [3]. Since the country faces many energy access challenges, these residues can
be used as feedstock for sustainable energy production. Indeed, adequate treatment of these residues would allow their valorization
into bioenergy and improve the energy access rate in rural areas. Various biomass resources available in Burkina are unevenly
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scattered throughout the country. Crop residues are mainly located in the major production areas, notably the Boucle du Mouhoun and
Hauts-Bassins regions [4]. Agro-industrial residues are only available in major urban centers such as Ouagadougou and
Bobo-Dioulasso. Burkina Faso has a significant biomass potential that can be valorized into energy [5]. However, the lack of data on
potential biomass and the quantities that can be recovered hinders the establishment of viable supply chains. Also, the significant
variability of the resource and the valorization technologies raises the problem of choosing the appropriate biomass to valorize. The
lack of mastery of these elements often contributes to the failure of bioenergy projects. There is a need, therefore, to investigate in this
direction to facilitate the understanding and sustainable exploitation of biomass.

Bioenergy projects are usually very complex and must meet a set of, sometimes conflicting, requirements [6]. The selection of the
appropriate biomass for a bioenergy project is a multi-criteria decision-making (MCDM) problem [7,8]. The choice of biomass can
have an impact not only on the project’s economic feasibility but also on environmental and social issues [9]. Researchers propose
several methods to solve decision-making problems. Among these methods, there is the Analytic Hierarchy Process (AHP), the
ELimination and Choice Translating Reality (ELECTRE) method, the Technique of Order of Preference by Similarity to the Ideal So-
lution (TOPSIS), and the Preference Ranking Organization for Evaluation Enrichment (PROMETHEE) method [10]. They are also
suitable for biomass selection problems. Solving this type of problem requires the development of clear criteria to evaluate the
available alternatives. This study established a short list of six criteria after thoroughly analyzing the literature and expert opinions.
Based on these criteria, a detailed questionnaire was developed and submitted to seven (7) experts selected by the snowball technique

to determine their importance.

Table 1
Summary of some criteria used for the selection of biomass for bioenergy.
Applications Criteria Sub-criteria References
Selection of the most Irrigation demands, Fertilizer demands, Crop yield [14]
appropriate crops production, Labour, Energy plant calorific value
Sustainable biomass crop - Economic - Seeding, biomass yield, production and harvesting, [15]
selection - Environmental transportation and storage, conversion rate, robustness
- Social to risk, equipment & knowledge
- Soil quality, carbon emission, Water quality/
requirement, biodiversity and wildlife, invasiveness
- Technological development, workforce requirement,
energy safety and welfare, food competition
Sustainable energy crop Photosynthesis type, soil carbon sequestration, water [16]
selection adaptation, N input requirement, erosion control, the
yield of dry materials, energy yield
Selection of biomass Lignin, cellulose, hemicellulose, volatile matter, fixed [17]
materials for bio-oil carbon, moisture content, and ash content
yield
Appropriate biomass Creating technical side jobs, reserving non-renewable [71
resources for energy energy resources, the relative advantage of biofuel
production selection productivity, the complexity of the biofuel production
process, cost of the biomass conversion process, biomass
reusability, cost of biomass supply, environmental
impacts of biomass accumulation, adaptability of the
biofuel production process to the size of biomass
production units and the attitude and knowledge of the
producers, and energy self-sufficiency of the biomass
producer
Microalgal biomass - Technological - Energy content, energy efficiency, ease of harvesting, [18]
selection for biofuel - Environmental primary energy ratio, biomass content, oil content,
production - Economic lipid content, fatty acid profile, growth rate, reliability,
- Social Safety, availability of nutrients
- Land/waterbody use, water quality requirement,
biodiversity and aquatic life, CO2 sequestration ability,
Cultivation methods, pollution, chemical usage, light
intensity, resistance to contamination, particles
emission, impact on ecosystems, visual impact
- Microalgae cost, investment cost, cost of cultivation,
cost of harvesting, co-utilization, robustness, storage
cost, transportation cost, payback period
- Competition for food, technological development,
sustainable development, social acceptability, job
creation, social benefits
Biomass production from - Economic - Gross Margin, income, variable cost [19]
crops residues - Environmental - Biomass production, production of thermal energy,
production of electrical energy
Biomass type selection for  Efficiency, fuel price, ease of operation, global warming [20]

boilers

potential, and acidification potential
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2. Literature review

This section aims to provide an overview of the importance of biomass selection criteria and the multi-criteria analysis methods
used for appropriate biomass selection.

2.1. Selection criteria for bioenergy production

Biomass is recognized as one of the interesting options for the energy transition in developing countries [11]. However, bioenergy
development still poses many challenges, mainly; the mobilization of large amounts of biomass, the price and affordability of the
energy produced, and the sustainability of the production [12]. The development of sustainable bioenergy projects must consider
several factors, encompassing economic, environmental, social, and technical issues. It is, therefore, necessary to have methodical
approaches and tools that allow decision-makers to identify the best strategy. Wang et al., 2009 [13] indicated that it is important to
develop evaluation criteria to select the most appropriate energy alternatives.

In the literature, researchers have proposed several criteria to select biomass for energy purposes [14-16]. Similarly, the impor-
tance of criteria in biomass selection was demonstrated by Pohekar and Ramachandran in 2004 [13]. They indicate that the formu-
lation of criteria is a means that can enable decision-makers to identify and remove barriers to renewable energy development. Table 1
summarizes the criteria used by some authors in their work.

The Table 1 shows that several criteria are involved in selecting the appropriate resource for the sustainable bioenergy production.
These criteria are often grouped into four sets: economic criteria, environmental criteria, social criteria, and technical criteria. Eco-
nomic criteria refer to the criteria that may have an economic impact on the production or use of biomass. These criteria are essential
when evaluating biomass potential. Its use enables the integration of economic aspects of the problem into its resolution. However,
there are no fixed economic criteria. Each project’s criteria are defined according to the context and the needs to be considered. Using
renewable energy resources, mainly biomass, aims to contribute to protecting the environment. Environmental criteria are introduced
to assess the environmental impact of using the biomass resource. As an essential parameter of sustainable development, environ-
mental criteria are essential to assess projects’ ecological impact. They are defined according to the context of the project, like the
economic criteria, but pollution is generally considered. Failure to consider social factors can contribute to project failure. In the choice
of biomass, taking these factors into account is essential. They can make it possible to assess whether biomass competes with food or is
subject to other competitive uses. Therefore, considering social criteria is important to assess the social benefit of the choice of biomass.
Finally, one of the important parameters that can impact resource use is the technical factor. Indeed, the choice of biomass for energy
recovery strongly depends on the availability of the technology to recover it. The consideration of the technical criteria, therefore,
allows to raise questions related to the technology (availability, maturity, yield, etc.).

2.2. Multi-criteria decision making (MCDM) for bioenergy

The criteria often have different units (money, time, dimensions, etc.). This makes it very expensive to acquire data and challenging
to compare criteria during the decision-making process. Because of this diversity of factors, a multi-criteria decision analysis (MCDM)
tool is needed to solve such a problem. Multi-criteria decision-making techniques (MCDM) are tools adapted to the energy sector and
can also be used to select appropriate biomasses [14]. Several MCDM approaches are used to solve decision problems in the renewable
energy sector [6,21,22]. Each of these methods has advantages and disadvantages. To improve the performance of these methods,
some authors proposed hybridizing methods. This consists of combining two or more methods to exploit the advantages offered by
each of them [23].

To determine a pilot area for an optimal biomass cultivation plan in the region of Central Macedonia, C. Moulogianni and T.
Bournaris, 2017 [19] performed a classification of seven regions according to their biomass production potentials. They used the
ELECTRE III method, and the results showed that the agro-energy regions with cereals and arable crops were better than those with
fruit trees and other crops. Firouzi et al., 2021 [7], on the other hand, developed a hybrid method based on the combination of three
MCDM methods (TOPSIS, ARAS, WASPAS) and three ranking aggregation methods (Borda, Copeland, and Rank Mean) to prioritize
suitable biomass resources for biofuel production in Iran. In 2012, M. Van Dael et al., 2012 [24] proposed an AHP model to select
potentially attractive locations to establish a biomass project in the Limburg province of Belgium. In Thailand, S. Saelee et al., 2014
[20] used TOPSIS to select the preferred biomass among three alternatives for boilers. The proposed equations were then developed for
more general use.

Several authors have also used these approaches to solve the problems of selecting appropriate technologies for biomass energy
recovery. To identify the most relevant applications for the use of rice husk in Iran, H. Yaghoubi et al., 2019 [25] used AHP to evaluate
the existing potential applications. The results showed that industrial use is the best economic, social, and environmental option. Qazi
and Abushammala, 2020 [26] conducted a comprehensive review to select the most suitable waste-to-energy technologies for
municipal solid waste valorization. Using the AHP method, they analyzed the main existing technologies. The results gave incineration
as the best option. In this sense, O. T. Adenuga et al., 2020 [27] proposed a decision support model based on AHP analysis to select the
appropriate technology for waste recovery in South Africa. From the four technologies examined, anaerobic digestion was selected as
the best solution. Also, S. M. S. Rahman et al., 2016 [28] used the AHP method to set up a model for selecting an appropriate tech-
nology for waste-to-energy conversion in Dhaka. The approach allowed them to identify plasma gasification as the best alternative
among the three alternatives studied. Similar studies were conducted by A. Kurbatova and H. A. Abu-Qdais, 2020 [29] in Moscow and
A. Agbejule et al.,, 2021 [30] in Ghana. Using the AHP method, they developed models to determine the best alternative for
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waste-to-energy in their respective contexts. Using a hybrid Delphi-AHP method, P. Jusakulvijit et al., 2021 [31] developed a decision
support model to evaluate Thailand’s main criteria and indicators for second-generation bioethanol production. Their results showed
that the economic criteria were the most significant. O. Demirtas, 2013 [32]; S. Ahmad and R. M. Tahar, 2013 [33] proposed models
using AHP to evaluate the best technologies for renewable energy. A review of the scientific literature is proposed by I
Siksnelyte-Butkiene et al., 2020 [34] to highlight the most used MCDM methods as a tool for evaluating renewable energy technologies
in households.

This state-of-the-art has made it possible to highlight a rapidly growing research activity on the use of MCDMs in solving the
problems of renewable energies. The works already carried out show considerable progress, with two main families of models: simple
models (AHP, TOPSIS, PROMETHEE, etc.) and hybrid models (a combination of several MDCMs). Simple models (AHP, TOPSIS,
ELECTRE, etc.) are the most used for decision-making problems [35,36]. These methods are easy to use. However, they have many
limitations. AHP, for example, is imprecise in the ranking when the number of elements (criteria, alternatives) becomes significant.
Also, the method is dependent on qualitative data. Some also present inaccuracies in the correlation of criteria (TOPSIS). Others,
however, need additional tools to finalize the calculations (ELECTRE, PROMETHEE). A comparative study between AHP, TOPSIS, and
AHP-TOPSIS (hybrid method) conducted by D. Sharma et al., 2020 [37] showed that AHP combined with TOPSIS was the most ac-
curate at the level of classification followed by AHP and finally TOPSIS. Also, based on execution time, it was TOPSIS, followed by
AHP-TOPSIS, and finally, AHP. Individual simple methods are often less effective than hybrid methods [38]. Combining simple
methods makes it possible to overcome their limitations and thus improve the accuracy of the results.

However, the complexity of the problems often forces researchers to seek more flexible and more straightforward methods.

3. Materials and methods
3.1. Biomass assessment in Burkina Faso

This section presents the methodology for assessing the potential of the country’s main crop and agro-industrial residues. Nine
residues will be evaluated, including four crop residues (cotton stalks, millet and sorghum stalks, corn stalks, and cob) and five agro-
industrial residues (rice husks, groundnut hulls, cashew hulls, mango peels, and mango pits). The potential of the residues for energy
recovery is assessed by considering several important parameters, namely the gross potential of the residues produced, the proportion
to be left on the fields to ensure the sustainability of the farm (crop residues), and other competing uses. The calculation of biomass
quantities can be done by determining the theoretical potential, the available potential, and the energy potential [4,39].

3.1.1. Theoretical potential

It is calculated from the residue-to-product ratio (RPR) and the raw product production before processing for crop residues and
after processing for agro-industrial residues. The theoretical potential represents the total biomass produced by the crops or products
evaluated. It is determined according to Equation (1) below:

QT, =P, + RPR; e}

where: QT; is the quantity of residues produced by the product or the crop i,

P; the quantity of the production of the product or crop i considered and,

RPR; residue to product ratio for the product or crop i.

The values for the RPR used in this study are shown in Table 2.

Data from the Ministry of Agriculture [42,43], and the National Institute of Statistics and Demography (INSD) [44] over the period
2016 to 2020 were used (Table 3).

For agro-industrial residues, the RPR presented in Table 4 is used. The production data were obtained from the literature, and some
were collected by interviewing local farmers’ associations.

Most of the mangoes processed in Burkina Faso are processed into dried mangoes and mango puree. Without precise data on the
share of other products, these two products (Table 5) were used to determine mango residues. Pits represent about 39 % of mango
residues, and peels 61 % [48].

It appears from these data that in Burkina Faso, the production of 1 kg kg of dried mango requires 20 kg of fresh mangoes. This
generates a significant amount of waste that must be managed. Similarly, for the production of mango puree, 2 kg of fresh mangoes are
needed to produce 1 kg of puree.

Table 2

Residue to product ratio (RPR) of some crops [4,40,41].
Crops Residues RPR
Millet Stalks 3.8
Corn Cobs 0.65

Stalks 1.5

Rice Straw 2.8
Sorghum Stalks 3
Cotton Stalks 2
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Table 3
Annual agricultural production of selected crops from 2016 to 2020 in Burkina Faso in ton.
Years 2016 2017 2018 2019 2020
Millet 905,071 828,234 1,189,079 970,176 957,253
Sorghum 1,663,844 1,365,898 1,929,834 1,871,791 1,839,570
Corn 1,602,525 1,533,431 1,700,157 1,710,898 1,920,101
Cotton 784,784 844,343 482,173 724,232 696,636
Table 4
RPR of some products [40,45].
Products Residues Transformation ratio
Cashew nuts Shells 2,1
Peanut Shells 0,5
Rice Husk 0,21
Table 5

Ratio of fresh mango processing to processed mango in Bur-
kina Faso [46].

Products Fresh-to-process ratio
Dried mango 20 kg: 1 kg
Puree 2 kg: 1kg

The data for the last five years (2016-2020) of processed raw materials are summarized in Table 6.

The data illustrates the quantities of products processed locally in the country over the past five years (2016-2020). A jagged
variation in production is observed for rice and groundnuts. The low yield, low rainfall can explain this. In addition, there has been an
increase in the processing volumes of mangoes and cashew nuts over the years. It is linked, among other things, to the existence of
modern processing units, to the good organization of the actors by link and in inter-profession, and also to the willingness of the actors
to respond to the ever-increasing demand of the local and international market [1,47].

3.1.2. Available potential

The available or mobilizable potential represents the fraction of the theoretical potential that can be extracted without affecting the
competing uses of the different biomass producers and respecting the rights of access and appropriation. The main potential uses of
biomass are food (human than animal), bio-fertilizer (soil amendment), production of materials (consumer goods), and energy pro-
duction (biofuels, heat, electricity). Fig. 1 shows the hierarchy of biomass uses. These uses are potentially in competition, which is why
it is necessary to be able to articulate them about environmental and socio-economic issues. These competing uses could reduce the
amount of biomass available for bioenergy [48]. The sustainability of the energy use of biomass is possible if the energy yield is
optimized, as well as the articulation of uses [49]. Indeed, to ensure the appropriate use of biomass, it is essential to ensure that the
share of biomass used does not threaten the local food supply. Then, the exploitation of biomass must not contribute to the degradation
of soil quality.

For this reason, part of the crop residues must be left in the fields to improve or maintain soil fertility or protect it against erosion.
Then, the use of biomass for energy production must consider other local uses of biomass (energy supply, medicines, building
materials).

The mobilizable potential is determined according to Equation (2).

OD; =0T, xa; 2

with: QD;, the available residue potential of the crop or product i in tons and

a;, the recoverable fraction based on several residue use assumptions

According to the FAO recommendations [50], if the residues are produced or collected in the field, 25 % should be left there for soil
amendment. Otherwise, if the residues are from industrial activities, 0 % is left. Based on the literature and surveys of the main

Table 6

Quantities of rice, mango, and cashew nuts processed and groundnuts produced in Burkina Faso from 2016 to 2020 in ton.
Years 2016 2017 2018 2019 2020
Paddy rice 384,690 325,566 350,392 376,527 451,421
Mango 40,000 30,000 39,460.4 48,600 54,300.6
Cashew nuts 2000 5000 7000 9000 10,000
Peanut 519,345 334,328 329,783 396,129 630,526
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Fig. 1. Hierarchy of biomass uses adapted from [50].

stakeholders, the usage rates of the different residues studied have been established in Table 7 below.

3.1.3. Energy potential
The energy potential is determined by multiplying the lower heating value (LHV) by the available potential, as shown in Equation

3.
QE;=0D; x LHV; (3)

With QE; the gross energy potential of the residues of the crop or product i in tons of oil equivalent (toe) and the net calorific value
of the residues of the crop or product i in Megajoule per kilogram (MJ/kg). Table 8 shows the LHV of the residues studied.

3.2. Problem statement

In the literature, very few studies have focused on selecting crop and agro-industrial residues for bioenergy purposes. However,
biomass from agriculture and agro-industries, once under-exploited, is of great interest for certain activities, mainly livestock breeding
[40] and domestic energy. This strong interest in biomass can compromise or even limit the availability of biomass for energy recovery
with modern technologies. Thus, for profitable and viable bioenergy projects, defining criteria that will allow the best possible choice
of biomass to be used is very important. These criteria must consider the abovementioned factors; their relationships and relative
importance must also be determined. In this work, we are interested in determining the most appropriate biomass for bioenergy
production in Burkina. So, the hybrid AHP-TOPSIS approach was adopted. Based on the literature and expert opinions, six evaluation
criteria were defined to analyze potential alternatives (biomasses).

3.3. Criteria and alternatives examined
3.3.1. Criteria

The criteria defined are the ones that consider environmental, technical, and socio-economic issues in the choice of biomass for
responsible and sustainable use. These are global criteria, and other criteria or sub-criteria could be included. The criteria used are
described in Table 9 below.
3.3.2. Alternatives

- Crop residues

Agriculture in Burkina Faso generates a significant quantity of residues. In 2018, the theoretical potential of these residues was
estimated at 4,342,127 tons of sorghum stalks, 2,016,664 tons of maize stalks, 1,092,356 tons of maize cobs, and 964,346 tons of

Table 7
Rate of use of crops and agro-industry residues in Burkina Faso.
Residues The proportion used (%) Uses
Cotton stalks 0 -
Millet and sorghum stalks 100 Fuels, soil amendment, animal fodder
Corn stalks and cob 100 Fuels, compost, animal fodder
Peanut shell 100 Fuels, compost, animal fodder
Rice husk 80 Fuels, poultry litter
Cashew nutshell 20 Fuels
Mango pits and peelings 0 -
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Table 8
Lower Heating Values (LHV) of crop agro-industrial
residues.
Residues LHV (MJ/kg)
Cotton stalks 16.3 [51,52]
Rice husk 14.9 [51,52]
Cashew nutshell 21.3 [53,54]
Mango peelings 13.16 [55]
Mango pits 18.01 [56]
Table 9
Evaluation criteria used.
Criteria Description
Biomass availability and The selected biomass must be available in sufficient volume at accessible production sites with the possibility of
accessibility (DA) increasing the production volume in a short period.
Competing use (CU) The selection of biomass for energy production should not threaten the food supply or other local uses (traditional energy
supply, medicine, building materials).
Pollution Potential (PP) The use of the selected biomass must contribute to reducing the negative impacts of the accumulation of this biomass on
water, soil, air, and biodiversity.
Economic impact (EI) Using the selected biomass must contribute to reducing losses and shortfalls and promote the development of the local
economy.
The energy content of the biomass The amount of energy recovered from the selected biomass must be attractive.
(EC)
Availability of appropriate Biomass for which mature recovery technologies exist is preferred.

technologies (DT)

cotton stalks “CT” [4]. The interest in these biomasses is because some are still very low exploited or valorized.
- Agro-industrial residues

The agro-industrial residues studied are woody residues from the activities of the main agro-industrial units in the country.

Rice husk “RH” in 2018, the national rice production was estimated at 160,949 tons [44]. This production generated a theoretical
potential of 32,486 tons of rice husk, of which the mobilizable part for energy purposes was estimated at 6497 tons [4]. In 2020, the
rice production potential increased to 201,734 tons [43], with an increase of more than 40,000 tons. This also implies an increase in
the residues produced. A significant portion of the rice husk produced remains untapped.

Groundnut hulls: production of groundnut hulls increased significantly between 2018 and 2020 with the increase in national
groundnut production. Indeed, in 2018, 329,783 tons of peanuts were produced. This production could generate approximately
112,126 tons of hulls. In 2020, peanut production increased to 630,526 tons. This was almost double the national production of nuts.
However, due to the lack of organization in the sector, this potential remains too diffuse and difficult to mobilize.

Cashew nuts “CNUT”: The cashew nut sector has great potential in Burkina Faso. In 2017, cashew products occupied the fourth
place among exported products [1]. The national production of raw nuts in 2018 was estimated at more than 85,000 tons [57]. Most of
these raw nuts produced are exported to India, Vietnam, and Ghana. Only about 10 % of the production is processed locally. After
processing, the shells are often used as fuel in nut processing. However, cashew nut processing units in Burkina regularly face issues in
managing the shells produced because they cannot fully valorize. This is why initiatives to valorize these shells have been developed in
high-production areas [3]. The main technologies used are pyrolysis, briquetting, combustion in boilers or adapted stoves, and the
production of cashew nut shell liquid (CNSL).

Mango peels “MPE” and pits “MPI”: Burkina Faso is part of the mango production basin in West Africa [58]. High-producing
regions are the Cascades, the Hauts-Bassins, and the Centre-Ouest. National production in 2019 is estimated at 200,000 tons of
fresh mangoes [46]. The mangoes produced are either exported as fresh or processed locally into dried mango, puree, jam, or juice.
There are more than 100 mango processing units. These units generate significant waste, estimated at nearly 100,000 tons per year.
These residues are essentially mango peelings and pits. This waste constitutes a source of feedstock that can be used for bioenergy
production. The peels can be valorized by methanization or fermentation to produce biogas or bioethanol.

3.4. Data collection

Data collection for this study involved interviews with experts in various biomass-related fields in Burkina Faso. These interviews
were conducted to gather valuable information. In addition, a thorough review of existing literature was carried out, leading to the
identification of ten main criteria that could potentially have an impact on biomass source selection. The criteria have therefore been
validated by experts considering the study context during a workshop.

As a result, some criteria were combined and others reformulated. Following this rigorous analysis, six key criteria emerged as the
most relevant. Based on these criteria, a questionnaire was drawn up using Saaty’s fundamental pairwise comparison scale [59]
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(Table 10). This questionnaire was then distributed to the experts to evaluate the various criteria. The Analytical Hierarchy Process
(AHP) methodology was then used to determine the weight of each of the selected criteria.

For the evaluation of alternatives, biomass availability (AD) data are taken from the results of the residue evaluation conducted
above. Competing uses (CU) are obtained from the literature and field surveys. Technology availability (DT) is derived from an in-
ventory of technologies available in the country for each type of biomass. The technologies identified are combustion, gasification,
pyrolysis, methanization, briquetting, rice husk kiln, and small carbonizers [3]. The residues’ energy contents (EC) were taken from
the literature. The economic impact (EI) was obtained from expert assessment. The pollution potential (PP) is determined by evalu-
ating the Global Warming Potential (GWP) of the GHGs assessed and produced during the disposal of a kiloton of each residue in a year.

In Burkina Faso, cotton stalks are generally burned in the fields at the beginning of the rainy season. This activity is an important
source of methane, carbon monoxide, nitrous oxide, and nitrogen oxide emissions [60-62]. For the assessment of GHG, only methane
(CHy) and nitrous oxide (N2O) [63] are considered. Their different emissions are determined according to Equation (4) [63-66].

Emission= Q; * FE; “4)

Emission is the amount of GHG (CH4 or N2O) emitted, Q; is the amount of biomass burned, FE; is the emission factor, and i is the type
of biomass burned.

In the present study, the evaluation is done on one biomass unit to maintain the criteria’s independence. The EF considered is 3.3 g/
kg for methane [67] and 0.07 g/kg for N2O [63].

The agro-industrial residues are generally disposed of in landfills in Burkina Faso [3]. This results in the high production of
methane. The emission of methane under these conditions is determined according to Equation (5) [63].

CH,(Kton | y) = Q * MDF % DOC x DCOyp * F x 16 / 12 (5)

With Q, the amount of biomass in landfills, taken as one unit, MDF is the methane correction factor that corrects for a fraction of waste
that decomposes under anaerobic conditions and is taken as 0.4 [65]. DOC is the fraction of degradable organic carbon and was set as
0.15 for mango peels, the default value for food waste, 0.5 for rice husk and cashew hulls, and 0.43 for mango pits. DOCr is the fraction
of DOC that is converted to landfill gas and was taken as the default value of 0.77 [65]. F is the fraction of methane in the landfill gas,
and the default value of 0.5 was used [63,68]. Then, the different gases were converted to kiloton CO, equivalent. The GWPs for
methane and nitrous oxide used are 25 and 298, respectively [66].

Regarding the attributes of the criteria, UC is better when its value is smaller but for the other criteria, the larger their values, the
better.

3.5. Hybrid AHP-TOPSIS method

This study uses the hybrid AHP-TOPSIS method to determine the best alternative. AHP is used to provide the order and magnitude
of the criteria preferences as well as the consistency of the data. In this work, the comparison matrix was filled using the geometric
mean technique described by Buckley [69] to pool the different scores provided by the experts. The equation below is used (Equation

(6)).
" 1/m
ri= ( H a,»,) 6)
i1

where m is the number of respondents.
The consistency of the matrix used is determined by calculating the consistency ratio (CR < 0.1) according to Equation (7) below,
defined by Saaty [59].

CR=CI/RI 7)
CI is the consistency index determined according to Equation (8):

Cl = (Apay —n) / (n—1) (8)

where Amqy is determined by averaging the value of the coherence vector, and n represents the order of the matrix.
RI is a function of the order of the matrix (n) and is given in Table 11 below.

Table 10
Saaty’s fundamental pairwise comparison scale [59].
Definition Abbreviation Corresponding value
Equal importance E 1
Moderate importance w 3
Strong importance FS 5
Very strong importance VS 7
Extreme importance AS 9
Intermediate values - 2,4,6,8
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TOPSIS allows the determination of the final ranking of the alternatives by exploiting the weighting derived from AHP. Fig. 2
summarizes the five main steps of the TOPSIS methodology.
The procedure of the AHP-TOPSIS approach is presented in Fig. 3.

3.6. Sensitivity analysis

Sensitivity analysis is a fundamental and mandatory step in the MCDM, given the uncertainties in the data often used [70]. In most
cases, it is used to measure variations in the weighting of criteria when ranking alternatives. A solution is then considered stable if it
remains valid for different variations. Sensitivity analysis thus enables precise decisions to be made [71].

In this study, the selection of suitable biomass is based on criteria whose weights are determined by AHP analysis. Due to the
uncertainty of the data on some criteria, a weight change is likely to affect the ranking obtained. A sensitivity analysis is undertaken to
assess the robustness of the ranking when the weights of important criteria in the model are subject to variations.

4. Results and discussion

This section presents the evaluation results of the studied biomass’s available, mobilizable, and energy potential. The biomasses
studied are crop residues (stalks of millet, sorghum, corn, cotton, and corn cobs) and agro-industrial residues (rice husks, cashew nut
shells, peanut shells, and mango residue). This section also presents and discusses the results of the multi-criteria and sensitivity
analyses for selecting the appropriate biomass.

4.1. Potential of crop and agro-industrial residues

4.1.1. Theoretical potential

The theoretical potential of the evaluated crop residues is illustrated in Fig. 4.

There is significant production of crop residues in the country. These results show that sorghum residues rank first, followed by
millet, corn stalks, cotton, and corn cobs. It should also be noted that sorghum and millet are the main food crops and the most
consumed in Burkina.

The analysis of Fig. 4 shows a relative increase in corn and sorghum residues since 2016. However, a decrease in millet residues
starting from 2018 is observed. This can be explained by poor rainfall and yield and the country’s security situation, which forces
farmers to leave production areas. There is also a sawtooth variation in cotton stalks, with a significant drop in 2018 before resuming
growth in 2019. The same factors mentioned above could also justify this decrease.

Agro-industrial activities are also sources of biomass in the country. Fig. 5 shows the results of evaluating the theoretical potential
of the main residues generated.

These results show a strong evolution of the different residues over the years. This is explained by the increasing demand for
products and the willingness of stakeholders to increase the capacity of processing units to meet this demand. For example, from a
processing capacity of 13,500 t/year in 2015, the cashew processing capacity has increased to 40,000 t/year in 2021. The Burkinabe
Cashew Council (CBA) plans to increase this capacity to 90,000 t/year within the next few years to meet the high market demand for
almonds. This means that the potential of cashew nut shells will increase significantly next years. Following this example, Fig. 5 shows
that the production of mango residues has also increased significantly since 2016, from 15,211 tons to 31,874 tons of kernels in 2020
and from 2393 tons to 49,854 tons of peels in 2020. Mango processing in Burkina Faso is a developing activity, and processing ca-
pacities are increasing because of the potential of the local and international markets. Like other products, rice processing in Burkina
Faso also produces significant waste. The rice husk produced rose from 35,733 tons in 2016 to 42,364 tons in 2020 and is projected to
keep increasing in the coming years.

The production of all of these residues is increasing significantly with the increase in the capacity of processing units and the new
incentive policies for the local processing of products.

4.1.2. Mobilizable potential

Biomass mobilization for energy must respect the hierarchy of uses [72,73]. These uses are factors that can significantly reduce the
availability of biomass [48,74]. Considering Burkina Faso’s other uses of crop residues, only cotton stalks are available for energy
production. In determining this availability, the FAO recommendation on using residues harvested in the fields was applied [50]. A
recovery factor of 75 % was therefore applied. Fig. 6 shows the results of mobilizable potentials of residues.

These results show that in 2018 Burkina Faso had a mobilizable cotton stalk potential of around 723,259.5 tons (Fig. 6 (a)). These
results corroborate those obtained by F. Barry et al., 2021 [4], who had estimated this potential at 723,260 tons. The available po-
tential of cotton stalks rose from 2018 to 2020 to 1,044,954 tons, an increase of around 44.42 % due to solid incentive policies and

Table 11

RI indices to calculate the coherence ratio [10].
n 3 4 5 6 7 8 9 10 11 12 13
RI 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.54 1.56




F. Zoma and M. Sawadogo Heliyon 9 (2023) 20999

Step 1: Construct normalized decision matrix

ry = Xyl R X5) fori=1,..,m; j=1,..,n (1)

Where X;; and r;; are original and normalized score of decision matrix, respectively

T

Step 2: Construct the weighted normalized decision matrix
Wiy = Wy 2 7 for (2)
Where W; is the weight for j criterion

T

Step 3: Determine the positive ideal and negative ideal solutions
A" ={v;,..,V:}, (3) Positive ideal solution
Where V] = {max(Vij) ifjeJ; min(Vij) if j e]’}
A = {V’l, s V;l}, (4) Negative ideal solution
Where V; = {min(v,,) if j € J; max(v,)ifj €'}

T

Step 4: Calculate the separation measures for each alternative
The separation from positive ideal alternative is:

% % 1/2 x
si=[Xwvi-vpl" i=1..m (5)
Similarly, the separation from the negative ideal alternative is:

si= 2w, - Vl.j)z]l/2 i=1..,m (6)

v

Step 5: Calculate the relative closeness to the ideal solution C;
The separation from positive ideal alternative is:

C =S/ +S), (MDo<Cit<1
Select the alternative with € closet to 1.

Fig. 2. TOPSIS methodology adapted from [71].

good rainfall. For agro-industrial residues, between 2018 and 2020, the mobilizable potential of rice husks rose from 6759.85 tons to
8472.82 tons, an increase of 25.34 %, that of cashew nut shells from 4480 tons to 6400 tons, an increase of 42.85 %, and that of mango
residues from 58,049.883 tons (pits and peelings) to 81,728.44 tons, an increase of around 40.8 % (Fig. 6 (b)). These production
increases can be explained by the dynamism of the country’s agro-industrial sector, with regular growth in production capacity, and by
the political will to increase local processing of these products. However, these residues, which are still under-utilized, could lead to
environmental and health problems for the population.

Energy recovery from these residues could help solve these problems and improve the country’s energy access conditions. Several
locally feasible technologies could help achieve this objective, including gasification, pyrolysis, combustion, briquetting, and
methanization [3]. Table 12 shows the energy potential of the various residues from 2016 to 2020.

4.2. Selection of appropriate biomass by implementing AHP-TOPSIS

4.2.1. Criteria weighting

The comparison matrix from the experts’ scores is presented in Table 13. It is used to determine the weights of the different criteria.
To evaluate the consistency index, Amax Was calculated. The parameters used to evaluate the consistency of the matrix are recorded in
Table 14. As a reminder, six criteria were considered for biomass selection, including the availability and accessibility of biomass (DA),
competing uses (UC), pollution potential (PP), economic impact (EI), the energy content of biomass (EC), and availability of appro-
priate technologies (DT). Using the AHP approach, the criteria were evaluated to determine their order of importance. The calculated
consistency ratio is 0.082, below 0.1, reflecting the consistency of the matrix.

From the above, Fig. 7 illustrates the order of priority of the different criteria.

According to expert opinion, the DA criterion is the most important factor, weighing 38 %. The importance given to these criteria

10



F. Zoma and M. Sawadogo

Definition of the decision problem, criteria, and
alternatives

AHP

TOPSIS

Residues quantity in ton

Residue quantity in tons

7,E+06
6,E+06
5E+06
4E+06
3,E+06
2E+06
1E+06

0.E+00

1000000

100000

10000

1000

by

Generation of the pairwise comparison matrix for criteria
and alternatives

L2

Calculation of the weights for criteria and the alternatives
with respect to each criterion

O

Conversion of the decision table data to the normalized
matrix by multiplying with the weights obtained from AHP

N
Calculation of the positive ideal solution and the negative
ideal solution

N
Determination of the final ranking

Best alternative selected

Fig. 3. AHP-TOPSIS methodology.
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Fig. 4. Theoretical crop residue potential.
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Fig. 5. Theoretical potential of agro-industrial residues.
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Table 12
Energy potential of residues in toe.
Residues 2016 2017 2018 2019 2020
Cotton stalks 19,187,968.8 20,644,186.35 11,789,129.85 17,707,472.4 17,032,750.2
Rice husk 106,484.87 103,310.81 100,721.88 110,926.8 126,245.13
Cashew nutshells 27,264 68,160 95,424 122,688 136,320
Mango pits 279,899.88 225,871.77 416,565.96 438,995.24 586,483.28
Mango peels 466,343.78 376,327.05 694,044.4 731,414.03 977,145.22
Table 13
Criteria pairwise comparison matrix.
Criteria DA uc PP IE CE DT
DA 1 4.21 7.45 1.5 1.73 5.54
uc 0.24 1 2.82 3.41 0.81 1.34
PP 0.13 0.35 1 0.27 0.48 0.8
IE 0.67 0 3.70 1 0.91 1.5
CE 0.58 1.23 2.08 1.10 1 1
DT 0.18 0.75 1.25 0.67 1.00 1
Table 14

Parameters for determining the consistency of the matrix.

Amax Consistency index Consistency ratio Random index
CI = (Amax-n)/(n-1) CR = CI/RI RI(n)
6.509 0.102 0.082 1.24

can be justified by the need to be able to meet the demands of valorization units. The highly dispersed nature of biomass resources in
the country, spatially and temporally, and the inadequacy of road infrastructure can considerably hamper supply chains. Therefore, in
Ref. [31] academic and research institutes, non-governmental organizations, and NGOs also prioritized this criterion. Its paramount
importance has also been emphasized by Refs. [75-78]. The second important criterion, according to the experts, is competing uses
(17.5 %). As demonstrated by D. Alfonso et al., 2009 [79], competitive uses of biomass are key factors to consider in biomass
exploitation. Since biomass is a resource still widely used in production areas for livestock feed and energy supply, strong competitive
uses can lead to disruptions in biomass availability or price rises. The expert analysis results showed that the economic impact criterion
is the third key factor in biomass selection, weighing 14.9 %. P. Jusakulvijit et al., 2021 [31] also defined this criterion as very
important in their work. Concerns about investment costs, profitability, and possible financial incentives for investors can explain the

12
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Fig. 7. Prioritization of criteria.

importance given to this factor by experts. The results also spotlight the energy balance factor, particularly energy content (CE).
According to the experts, this is the fourth key factor. This interest could be explained by the fact that this factor significantly impacts
conversion costs and yields. Moreover, in Thailand, this criterion was considered the highest priority by industrial and commercial
players [31]. Similar to the results obtained in Refs. [7,8], the weight of criteria related to the environment (PP) and conversion
technologies (DT) are the least important. This low ranking could be explained by some experts’ impoverished current understanding
of environmental issues and the relative availability of biomass conversion technologies.

4.2.2. Selection of alternatives

The data used in the analysis of the alternatives are presented in Table 15.

This AHP-TOPSIS analysis yielded the results in Table 16.

Rice husk is ranked last in this analysis. These results are consistent with the realities observed in the field. Indeed, rice husk is a
much-used resource for livestock feed and litter production. Therefore, the availability of this resource for energy purposes is very low.
Similarly, in recent years there has been a great deal of interest in cashew nut shells by agro-industrial units. Previously unexploited,
these shells are now used as fuel in cashew processing and mango-drying units. Other local initiatives are working on the valorization
of this residue into biochar. These competing uses contribute to the reduction of the availability of this biomass. However, a significant
portion of this biomass, approximately 80 %, is still untapped. With increasing production and transformation capacities, an urgent
need to manage these residues arises. Bioenergy seems to be an interesting alternative to explore in managing these residues. These
results also show that residues with low competitive and available uses are preferred.

4.3. Sensitivity analysis results

The sensitivity analysis results were obtained based on scenarios to assess the robustness of the ranking obtained. For the con-
struction of the scenarios, biomass availability and accessibility (DA) and competing use (UC) were the varied criteria. Data on biomass
energy content (EC) and pollution potential (PP) are not subject to uncertainty. Also, the criteria of economic impact (IE) and
availability of appropriate technologies (DT) have low weights and therefore have little influence on the ranking. Sensitivity was
assessed based on two sets of five scenarios, described as follows:

Serie 1: the weight of Competing Use (UC) was kept constant at 17.5 %, and Biomass availability and accessibility (DA) was varied
with a step of 10 from 8 % to 48 %.

Serie 2: Biomass availability and accessibility (DA) was kept constant at 38 %, and Competing Use (UC) was varied by 7.8 % with a
step of 10-47.5 %. Fig. 8 shows the results of set 1.

The results of this series show that cotton stalks (CT) are ranked first under all series scenarios, followed by mango pits with relative
closeness (C*) close to each other.

Mango Peels drop to fourth place at the expense of Cashew Shells in the first scenario before regaining third place in the second

Table 15

Data of the different alternatives.
Weight 0,38 0,175 0056 0,149 0,146 0,095
Criteria DA uc PP IE CE DT
Unit t % KtCOzeq/y - MJ/kg -
CT 1044951 0 0.12 15.1 16.30 5
RH 8472.830 80 2.566 36 14.900 4
CNUT 6400 20 2.566 28.1 21.300 5
MPE 49854.350 0 0.77 11.7 13.16 1
MPI 31874.092 0 2.202 9 18.010 5
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Table 16

Ranking of alternatives.
Residues Relative closeness (C*) Rank
Cotton stalks (CT) 73.6 1
Mango pits (MPI) 70.4 2
Mango peels (MPE) 30.7 3
Cashew nutshells (CNUT) 28 4
Rice husk (RH) 15.3 5

The results show that cotton stalks (CT) (C* = 0.736), mango pits (C* = 0.704), and mango peels (C* =
0.307) are the three best biomass resources for sustainable bioenergy production in Burkina, considering
the six criteria defined here.

— CT RH CNUT  emmmm|PE s VP

8% 18% 28% 38% 48%  paA

Fig. 8. Sensitivity analysis following scenario set 1.

scenario. This implies that the classification of peels has been very sensitive to competing uses (UC). Indeed, in the original assessment,
these residues had no other uses. Applying a high usage of 17.5 % to these residues lowered their availability. Thus, exploiting bio-
masses with no competing uses at the start could face major difficulties if competing uses appear, which is not followed by a good
increase in availability (Fig. 8). The scenario results show the importance of the other biomass selection criteria, economic impact (IE),
energy content (CE), and technologies availability (DT) in addition to competing use (UC) and biomass availability (DA).

Rice husk remains the least appropriate in all scenarios in both series. Fig. 9 shows the ranking for the different scenarios in series 2.

When competing use (UC) varies, and biomass availability (DA) remains constant (Series 2), mango pits (MPI) and mango peels
(MPE) lose their second and third place in the first scenario in favor of cashew nutshells. This is also explained by the fact that these
biomasses were not used in other competing uses in addition to their relatively low availability. The introduction of new uses,
therefore, impacts the availability of these biomasses and, thus, the ranking. It also appears that the competing use (UC) and biomass
availability (DA) criteria are not the only ones involved in the ranking but that it is a combination of different criteria.

In selecting biomasses, the criteria of availability and competing uses alone are insufficient to make an optimal choice. A thorough
review must be conducted to determine what other criteria should be considered.

In all scenarios, cotton stalks (CT) remain at the top of the ranking as shown in the Table 17.

The ranking of the other biomasses remains almost constant in more than half of the ten scenarios studied, illustrating the
robustness of the ranking obtained through the AHP-TOPSIS analysis.

o
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Fig. 9. Sensitivity analysis of series 2 scenarios.
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Table 17
Weights of criteria and ranking of alternatives for both series.
Series Criteria Weights Alternatives rank
DA (%) UcC (%) PP (%) 1IE (%) CE (%) DT (%) CT RH CNUT MPE MPI
Serie 1 8 17.5 5.6 14.9 14.6 9.5 Ist 5th 2nd 4th 3rd
18 5.6 14.9 14.6 9.5 Ist 5th 4th 3rd 2nd
28 5.6 149 14.6 9.5 Ist 5th 4th 3rd 2nd
38 5.6 14.9 14.6 9.5 Ist 5th 4th 3rd 2nd
48 5.6 14.9 14.6 9.5 Ist 5th 4th 3rd 2nd
Serie 2 38 7.5 5.6 14.9 14.6 9.5 Ist 3rd 2nd 5th 4th
17.5 5.6 14.9 14.6 9.5 Ist 5th 4th 3rd 2nd
27.5 5.6 14.9 14.6 9.5 Ist 5th 4th 2nd 3rd
37.5 5.6 14.9 14.6 9.5 Ist 5th 4th 2nd 3rd
47.5 5.6 14.9 14.6 9.5 Ist 5th 4th 2nd 3rd

5. Conclusion

Bioenergy production from local resources can contribute to developing sustainable energy systems in Burkina Faso. For this, a
good choice of biomass to be exploited must be made by considering the main sustainability factors and some technical factors. Multi-
criteria decision-making methods could help solve these complex problems. The hybridization of MCDMs allows the exploitation of the
strengths of the pooled methods. It is a practical approach to improve the performance of the decision-making process and thus
improve the quality of the results. This study proposed a hybrid AHP-TOPSIS model to determine the appropriate biomass for bio-
energy production in Burkina Faso. Six criteria were used to evaluate five resources (cotton stalks, rice husks, cashew nuts, mango pits,
and mango peels). The results showed that based on the defined criteria, with biomass availability (DA) and competing use (UC) being
the predominant criteria, cotton stalks are the best biomass suitable for bioenergy production in Burkina Faso. They are most available
and less used in competitive uses. In addition, they have a good energy content (16.3 MJ/kg) and can be used in several technologies.
Mango pits and peels come second and third respectively, due to their lack of competitive use and availability. These results could serve
as a basis for decision-makers in choosing biomass to establish viable bioenergy systems.

Furthermore, this study must be supplemented by a technical and economic study of the different elements of each link in the
sector. This is to facilitate an understanding the adequacy of biomass and technologies and the establishment of viable sectors in
Burkina Faso.
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