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Abstract: Access to energy services is a priority for sustainable economic development, especially in
rural areas, where small- and medium-sized enterprises have many difficulties in accessing reliable
and affordable electricity. Western African countries are highly dependent on biomass resources;
therefore, understanding the potential of bioenergy from crop residues is crucial to designing effective
land-management practices. The assessment of the capability to use crop residues for electricity
production is particularly important in those regions where agriculture is the dominant productive
sector and where electrification through grid extension might be challenging. The objective of this
work was to guide the development of sustainable strategies for rural areas that support energy
development by simultaneously favouring food self-sufficiency capacity and environmental benefits.
These complex interlinkages have been jointly assessed in the Senegal river basin by an integrated
optimization system using a cropland–energy–water-environment nexus approach. The use of the
nexus approach, which integrates various environmental factors, is instrumental to identify optimal
land-energy strategies and provide decision makers with greater knowledge of the potential multiple
benefits while minimizing trade-offs of the new solutions such as those connected to farmers’ needs,
local energy demand, and food and land aspects. By a context-specific analysis, we estimated
that, in 2016, 7 million tons of crop residues were generated, resulting in an electricity potential of
4.4 million MWh/year. Several sustainable land-energy management strategies were explored and
compared with the current management strategy. Our results indicate that bioenergy production from
crop residues can increase with significant variability from 5% to +50% depending on the strategy
constraints considered. An example analysis of alternative irrigation in the Guinea region clearly
illustrates the existing conflict between water, energy, and food: strategies optimizing bioenergy
achieved increases both for energy and food production (+6%) but at the expense of increasing water
demand by a factor of nine. The same water demand increase can be used to boost food production
(+10%) if a modest decrease in bioenergy production is accepted (−13%).

Keywords: bioenergy; rural development; optimization; water; energy; food and ecosystem nexus;
crop residues; sustainability; Senegal river basin

1. Introduction

Sub-Saharan African countries are confronted with the challenge of effectively manag-
ing natural resources to achieve higher outcomes in several sectors, such as those pointed
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out in the Sustainable Development Goals [1], while ensuring sustainability and environ-
mentally protective solutions. This challenge requires even more effort in transboundary
river basins, where solutions should be balanced not only across competing sectors and
scales but also taking into account the specific and eventually the different and competing
development objectives of the riparian countries [2]. In regard to this, access to energy
services is a priority for sustainable economic development in sub-Saharan Africa [3],
especially in rural areas where limited access to energy services is accompanied by and
directly linked to the other components such as food security and agricultural, water-
demand, and environmental aspects. Under current trends, by 2030, about one-third of the
population in sub-Saharan Africa will still lack access to electricity [4]. Although this figure
represents an improvement vis-à-vis the current situation (today, the corresponding figure
is 55 percent [4]), support actions are needed to meet the United Nations’ goal of achieving
universal access to affordable, reliable, and modern energy services for all by 2030 [5].

Energy-related greenhouse-gas emissions in Africa represent about one-third of the
continental total, which is much below the global average, reflecting the importance of
hydropower in electricity generation in the continent, limited industrial development, and
the large contributions to emissions from land-use change and forestry, agriculture, and
waste [4]. Indeed, there is great interest in Western Africa to further develop the capacity
and diffusion of alternatives to fossil-fuel energy sources, which would reduce the region’s
carbon footprint and its dependence on oil and fossil fuels. Additionally, alternatives to
fossil-fuel energy sources would reduce the impact on natural resources (wood) and would
pursue political and economic goals through promoting under-utilized and domestically
available resources [6]. Western African countries are highly dependent on biomass sources
(such as savannah, forest, and agriculture), and, currently, biomass is intensively used but
with methods that are poorly efficient and that pose a health risk [7,8]. For instance, in 2010,
in the Senegal River Basin region, about 83% of people relied on firewood and charcoal for
domestic cooking and heating [9]. Climate change and climate variability will also impact
biomass, exacerbating the pressure on this limited resource. In addition, the population in
this region is expected to double from 2010 to 2050.

Sub-Saharan Africa is noticeably endowed with a high potential for renewable energy
resources such as wind, solar, hydro, and biomass, with the biomass potential estimated
to be up to 1649 TWh [10]. Indeed, the potential for solar energy in the Senegal river
basin is very high [11,12]; however, biomass, which is locally produced and often close
to demand, could be used in tandem with hydropower and photovoltaic (PV) systems to
balance the power system affected by the variable nature of solar energy. Energy potentials
from agricultural residues and agro-industrial residues could be explored for present and
future energy needs. In the last years, several studies have explored the potential of using
crop residues to partially satisfy energy requirements, avoiding some common biofuel
issues [13–22]. Specifically, in countries and regions with a dominant agricultural sector,
the advantages of valorising such resources, without impacting land use or introducing
negative effects on crop availability and markets, have been pointed out [23,24].

In recent years, the water, energy, food, and ecosystems (WEFE) nexus approach has
taken a central stage as an integrative approach for both management and governance
across multiple sectors (e.g., agriculture, food, fishing, livestock, energy, forest protection,
water quality, etc.), and its concept has rapidly expanded [25–27]. The WEFE approach
clearly requires policies stimulating the appropriate and efficient use of natural resources
across all sectors and regions. However, it is not evident how to simultaneously maximize
the benefits for all sector and regions. Therefore, advising local managers and stakeholders
on how to optimize their decisions for each combination of crops and regions becomes a
key element.

Optimization methods have been applied in the field of agriculture management
practices [28–30] and in the application of water–food–energy–environment nexus ap-
proaches [31,32] where the optimal allocation of interlinked resources is promoted. In the
specific case of biomass management [33], optimization techniques have been especially
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used for supply chain optimization [34,35], with a major focus on forest biomass [36,37],
while optimization techniques applied on herbaceous sources are scare in Africa [38], being
even less diffused in Africa [39].

The most frequently used optimization technique in WEFE applications is the linear
programming (LP) method [40], in which the objective function and all constraints are linear
combinations of continuous variables. A multi-objective optimization approach [28,32]
can provide a better understanding to assess bioenergy potential together with complex
interlinkages required by the WEFE nexus. A nexus multi-objective analysis based on local
physical resource constraints and agricultural management of bioenergy systems helps to
identify context-specific solutions and implications. Indeed, a separate specific analysis
of each sector (water, energy, agriculture, food) and the regions involved (Guinea, Mali,
Mauritania, Senegal) in this study would result in the identification of optimal solutions
just for one sector or for a country. The specific analyses for each sector are not compatible
with the transboundary character of the Senegal river basin. A WEFE-nexus-integrated and
inclusive transboundary management approach will address effectively the management
and assessment of the multiple targets. The optimized Nexus approach requires the
selection of one alternative among others, a difficult process, especially if the alternatives
are non-dominated for a given set of criteria. An alternative is defined as dominant only if
it is the best solution when considering all decision criteria concurrently. However, this is
often not possible in a typical WEFE problem as no single alternative will be dominant due
to the conflicting nature of the WEFE components. As an example, an increase in energy
production and an intensification of agriculture productivity could lead to an increase in
water depletion and degradation, which consequently could endanger ecological health
and impact (positively or negatively) food demand satisfaction [41].

Our assessment aims to support decision making on the allocation of agricultural land
for food and bioenergy production. In particular, the specific goal of this study was to
integrate a bioenergy crop residue potential estimation model [42] with an optimization
method [43] that assess the impact of alternative agricultural and cropland management
scenarios in the Senegal river basin. The bioenergy resources are derived by agricultural
residues and not by agricultural products itself, as in the case of biofuels. In this sense, this
approach should be seen as a method to optimize residual materials without impacting
new land use and agricultural productivity. Residue-based biofuels, however, are not
automatically environmentally benign nor do they ensure the development of a sustainable
energy supply.

The main questions addressed in this study include:

1. Which bioenergy resources are available in the Senegal river basin?
2. How should the availability of agricultural residues to satisfy the energy demand

from a WEFE nexus perspective be assessed?
3. How do strategies that maximize bioenergy production from crop residues (and vice

versa) in different agricultural settings impact food production?
4. Which are the positive and negative impacts of producing bioenergy by crop residues

on other WEFE aspects? These aspects include food demand and diet satisfaction
cropland allocation, water demand, and the contribution of pressure on forest and
savanna environments.

2. The Case Study and the Baseline Scenario Definition

The Senegal river is the second longest river (1800 km) in West Africa, and its trans-
boundary drainage basin covers about 410,000 km2, over Guinea, Mali, Mauritania, and
Senegal (10, 54, 26, and 15% respectively). Born in the Fouta Djallon massif in Guinea, the
Senegal river travels across Guinea and Mali and, after the confluence of the Bafing, Bakoye
and Falémé rivers, traces the border between Mauritania and Senegal until it meets the
Atlantic ocean near Saint-Louis in Senegal (Figure 1). The journey of the river constitutes a
lifeline for the 7.5 million of people of the basin (16% of the riparian countries’ population)
but also for the economy of the riparian countries and the region. Due to the high depen-
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dency of the main livelihoods in Senegal River Basin (SRB) on water (agriculture, livestock,
fisheries), around 85% of its population lives close to the river [44]. The SRB is highly
vulnerable to climate variability and changes, due to the great interdependence between
climate and socioeconomic activities, and it could be further challenged by the increasing
pressures posed by its population dynamics on natural resources, the subsequent changes
in land use and the competition among sectors and users. There is a high hydropower
potential in the basin and even if currently only two plants are being exploited (one under
development), the four riparian countries and the Organisation pour la Mise en Valeur du
fleuve Sénégal (OMVS) have planned to increase the number of reservoirs, in order to meet
the expected growing demands as well as to regulate the high inter- and intra-annual water
availability of the basin [45]. In the middle valley and delta, agriculture, pastoralism, and
fishing are the main activities. All of this region is poor and extremely dependent on the
flood-related cropping activities in the depressions along the river for food security [46].

1 
 

 

Figure 1. The Senegal river basin.

Cereals (like sorghum, fonio, millet, and maize) are the dominant crop types used
across the SRB, accounting for about 51% of the total harvested area. Maize alone represents
8% of the total area. Other important crops are oil crops (16%), pulses (12%), rice (7%), and
cotton (6%). Crops much less diffused, but anyway playing an important role in food items
production, food security, and household income, are vegetables (3%) and fruits (3%). Crop
productivity in the basin is quite limited, even considering that rainfed crops constitute
the dominant sector. Sorghum is mainly rainfed, and its productivity (tons/ha/yr) ranges
between 0.4 in Mauritania (variability within the country 0.21–0.64) to a maximum of 0.9
in Mali (0.8–1.1). Rainfed maize is the most diffused (98%), and its yield ranges between
0.58 in Mauritania (variability within the country 0.50–0.73) to a maximum of 1.62 in Mali
(1.2–2.5). Another dominant crop is rice, which is mostly irrigated (76%) and which has a
productivity higher for Mauritania and Senegal (average yield of about 4.5 tons/ha within
the range 2.4–5.5) and lower for Guinea and Mali (average of 2.7 tons/ha within the range
2.4–3.1). Even if irrigated cropping systems are low-diffused in the basin (<1% of cropland



Sustainability 2021, 13, 11065 5 of 23

in Guinea and Mali, 15% in Senegal, and 25% in Mauritania), agriculture accounts for
70 percent of the total global freshwater withdrawals, making it the largest user of water.
In addition, a key contribution to food production was derived from the flood recession
agriculture, a specific cropping system based on the natural flooding of soils in order to
take advantage of soil humidity, which is currently decreasing and suffering due to the
competition and demands of large hydropower systems. Cropland expansion in the river
basin is also increasing by an average annual growth rate of 4% between 2005 and 2016
(derived by [47]).

The optimization model was set up according to the current management in the river
basin. The level of crop production, as resulting from the ongoing productivity level for
several cropping systems and minimal food demand, is reported in Figure 2.
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current crop and land management (baseline).

The difference between food production and food demand was used to estimate an
indicator of food demand satisfaction capacity: this indicator is assessed for each subregion
and for each food item required. This indicator is important to point out which region and
which food item can be locally produced by the current farming system. The existence of
negative balance amounts does not necessarily imply a problem as the local population
can actually satisfy the food need by importing or buying products on the markets. Indeed,
if we summarize the indicator at the country level, thus assuming that all produced crops
can be distributed efficiently through the country, some of the intractable factors disappear
or are greatly reduced (Figure 3). For example, it can be seen how Mali has a very high
deficit for rice (about 0.17 M tons), which is also true for millet, maize, fonio, and cassava
(columns (a) in Figure 3); yet, most of these lacks disappear at the country level (where
the country level considered all the regions belonging to Mali but within the river basin),
while, for rice and cassava, they persist even if they may be reduced (−35% for rice and no
change for cassava). A similar tendency characterizes Guinea, Mauritania, and Senegal
where missing quantities are totally disappearing (see Mauritania) or are greatly reduced
(columns (b) in Figure 3).
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by baseline crop and land management but with different repartition of crop products: (a) each
subregion independent and (b) all regions together.

3. Materials and Methods

Under a WEFE nexus perspective, the optimization of the bioenergy production
has to take into account the impact on the other WEFE sectors such as impacts on food
demand satisfaction and food security, impacts on the agriculture sector (cropping require-
ments and livestock requirements for forage and land, water availability, and allocation),
and the environment. Therefore, it is important to carefully set up and parametrize the
optimization problem.

3.1. Design of Optimization Modelling, Objectives, and Parameters Identification

The objective of the developed optimization–modelling framework was to determine
the most suitable land and water allocations by optimizing crop and bioenergy production
while taking into account food self-satisfaction of local regional demand in the Senegal
river basin. The expected results of the simulation process were identified according to the
development priorities and specific needs as defined by local stakeholders. This analysis
led to the identification of a specific set of objectives (to be maximized or minimized) and
constraints to be satisfied. The purpose was to be able to identify solutions taking into
account several development priorities (such as higher crop and energy production, lower
water abstraction, etc.) while also identifying constraints limiting the space of variability of
the optimization (constraints deriving, for example, from political issues, water planning,
limits in land expansion, etc.). Figure 4 schematises the identified specific objectives and
constraints of the model. These include:

• W: Minimize total irrigation water demand;
• E: Maximize total bioenergy potential from crop residues;
• E: Minimize total irrigation pumping energy demand
• F: Maximize total food production;
• E: Minimize crop land area
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Figure 4. Optimization model: identification of objectives and constraints under the WEFE nexus approach. The objectives
to be maximized were (F) the crop production, both for food and cash crops, and (E) the bioenergy potential from residues.
While the objectives to be minimized were (W) total water demand for agriculture, (E) energy for water pumping, and (Env)
crop land area.

Given this scope, a decision-oriented system was set up by using linear programming
(LP) analysis tools for the assessment of crop management and land resources allocation in
the river basin. The optimization model evaluates the allocation of resources (land, water,
soil) in each regional area according to single and/or multiple objectives and constraints to
identify optimal management strategies at local, national, and river-basin levels. Table 1
summarises the identified parameters necessary to optimise the objectives and constraints
of the LP model.

3.1.1. The Bioenergy Potential Objective

Several crop and land management strategies are potentially possible: various crop-
land allocation in specific areas of the river basin, new cropping systems, alternative
irrigation and/or fertilization strategies, etc. Each strategy will derive in a direct impact on
the capacity to produce more or less residues used as fuel into the power plant.

The bioenergy production directly depends on crop agricultural production and the
energy potential of each type of crop residue. The annual quantity of agricultural residues
generated in each administrative community in the Senegal river basin was computed
based on reported cropped areas (XRrc and XIrc as the specific harvest area of each crop)
and reported crop yields (YieldRrc and YieldIrcc (tons/ha) as the specific crop productivity),
under current baseline management [48,49].

The objective function for maximizing bioenergy production is formulated
(Equation (1)) as follows:

maximize ∑
r

∑
c
(XRrc ∗YieldRrc + XIrc ∗YieldIrc) ∗ EnPotc (1)

where:

r: specific region
c: specific crop
XRrc (ha): rainfed agriculture area in region r for crop c
XIrc (ha): irrigated agriculture area in region r for crop c
YieldRrc (ton/ha): yield for rain-fed crop
YieldIrc (ton/ha): yield for irrigated crop
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Table 1. Decision variables and parameters selected by agriculture area per region and per crop for the linear programming
(LP) analysis tools.

Subscripts

r Region

c Crop

Decision variables

XRrc Rainfed agriculture area in region r for crop c

XIrc Irrigated agriculture area in region r for crop c

Parameters

YieldRrc Specific rainfed crop productivity in region r for crop c (tons/ha)

YieldIrc Specific irrigated crop productivity in region r for crop c (tons/ha)

Caloriesrc Specific food calories content for crop c in region r (kcal/kg)

EnPotc Energy potential for crop c (MWh/year)

RPRC Factor for residue production (crop-specific residue to product ratio (g/g))

RECFC Factor for residues availability (for the collection for energy production)

LHVC Lower heating value (crop residue heating value (MJ/kg))

EPE Efficiency conversion factor (depending on energy technology conversion)

WatReqbyHarc Average irrigation water requirement specific for crop c in region r (m3/ha/cropping season)

THeadr Dynamic head (depth of lifting) irrigation water for region r (m)

PumpE f fr
Specific pump efficiency expressed as the energy required to lift 1 ML (mega litre) of water for 1

m of head. In this study, it was 5.9 (kwh/ML/m)

AreaAvailr Total cropland area available in region r (ha)

WaterAvailr Water available for irrigation in region r (m3)

MinProdrc Minimum production demand for crop c in region r (tons)

MaxAreaVarr Maximum cropland area increase/decrease (% of total cropland)

Popr Population number in region r (ref. year 2018)

FSQrc Specific food crop supply quantity per capita for crop c in region r (kg/capita/year)

The technically achievable bioenergy potential (Equation (2)) was dynamically esti-
mated based on conversion factors taking into account: (i) specific crop characteristics
(linked with biomass/residues productivity and energy potential) and (ii) different types of
residues derived by each cropping system and technical and sustainable usage of residues.

EnPotc = RPRc ∗ RECFc ∗ LHVc ∗ EPE (2)

where:

EnPotc [MWh/yr]: Technical Energy Potential for crop c
RPRc: Residue Factor Production for crop c
RECFc: Residue Factor Collection for crop c
LHVc [MJ/kg]: crop residue heating value
EPE: Efficiency conversion factor

The relevant crop residues for bioenergy production are the straw, stalk, husks, and
trunks and sometimes their peels after harvesting and/or processing. The theoretical
potential of crop residues was estimated using specific coefficients (Table 2). Following the
methodology from Kemausuor [41], a recoverability fraction (RECF) was included to reduce
the effective quantity of crop residues actually available for the energy production. This
factor reflects on the residues’ collection availability for energy production and depends
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on the type of residue. In the Senegal river basin, the RECF ranged between 0.5 and 0.7
(meaning that 50 to 70% of the residues are technically available for the energy process).
This coefficient is also a way to take into account a minimum sustainable quantity of
residues to remain on the soil to maintain soil fertility in the long term.

Table 2. Summary of average residue production and energy potentials for several crops residues as
derived by literature. Sources: [39,41,42,50,51]. RPR: residue to product ratio, LHV: lower heating
value as indicator of potential energy production, and RECF: recovery fraction.

Crop Residue Type RPR LHV RECF
g/g MJ/kg -

Mais
stalks 2.67 3.50 0.5
cobs 1.00 4.75 0.7

Rice
husk 0.28 4.45 0.7
straw 2.19 3.70 0.5

Millet straw 1.55 4.15 0.5

Sorghum straw 4.15 4.05 0.5

Cassava stalks 0.11 4.30 0.5

Peanuts
shell 2.58 4.90 0.7
straw 0.84 4.60 0.5

Fonio straw 1.55 4.15 0.5
The values gathered in Table 2 were estimated and based on the average parametrization of residues (as derived
by literature studies); however, they could vary from region to region depending on specific annual variability as
they are influenced by climate and by the level of intensification of crop management (fertilization and irrigation).

3.1.2. The Food Calories Potential Production Objective

The total dietary energy (calories) objective is the result of crop productivity and their
specific calorie content (Table 3), as Equation (3) formulates.

maximize ∑
r

∑
c
(XRrc∗YieldRrc + XIrc∗YieldIrc)∗Caloriesrc (3)

where:

r: specific region
c: specific crop
XRrc (ha): rainfed agriculture area in region r for crop c
XIrc (ha): irrigated agriculture area in region r for crop c
YieldRrc (ton/ha): yield for rain-fed crop
Caloriesrc (kcal/kg): specific food calorie content for crop c in region r

Table 3. Calories conversion used for food calories objective estimation (calories per kg of crop
product, as derived by reference values at the national level provided by FAO statistics [52]).

Crop Name Code Guinea Mali Mauritania Senegal

Rice RICE 2519 2560 2908 2405

Maize MAIS 3161 3174 3164 2997

Sorghum SGHY 2738 2911 3081 2931

Millet PMIL 2944 2974 2852 2451

Cassava CASS 1086 1159 1112 1092

Peanuts PNUT 3985 2511 4563 4169

Fonio FONI 2301 3122 3532 3650

Food calorie requirements vary between the different countries depending on the food
habits and the current diets, as defined by FAO data [52].
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Equations (1) and (3) depend on the areas devoted to each crop in each region (distin-
guishing between irrigated and rainfed) and the productivity of each crop in each region
under irrigated or non-irrigated conditions. The last factor in Equation (1) is the energy
potential, and in Equation (3) it accounts for the food calories.

3.1.3. Total Irrigation Water and Pumping Energy Requirements Objectives

Under the WEFE nexus approach, water is a key component as several sectors are
actually competing with irrigation for water resources (livestock, hydropower energy,
recession agriculture, navigation, urban, etc.).

Two different objectives related to water consumption for bioenergy production were
considered:

• Minimize the crop water demand (Equation (4))

Minimize ∑
c

∑
r
( XIrc ∗WatReqbyHarc) (4)

• Minimize the total energy required for pumping the water (Equation (5))

Minimize ∑
c

∑
r

(
XIrc ∗WatReqbyHarc ∗ PumpEff r ∗ THeadr ∗ 106

)
(5)

where:

r: specific region
c: specific crop
XIrc (ha): irrigated agriculture area in region r for crop c
WatReqbyHarc (m3/ha/season): average irrigation water requirement crop c, region r
PumpEffc (kwh/ML/m): pump efficiency
THead (m): dynamic head (depth of lifting) irrigation water for region r

Both objectives were driven for the area devoted to irrigation and the average annual
(seasonal) requirements (m3/season) for each crop in each region in the irrigated surfaces.

The total energy required to pump the irrigation area depends mainly on the amount
of water pumped at each point, the head difference, and the efficiency of the pumping
systems [53]. This approach allowed us to have a dynamic model for energy consumption,
which can eventually be specifically calibrated and downscaled for future analysis.

3.2. The Constraints

Jointly with objectives, constraints play a key role in defining and binding the opti-
mization model. In this regard the choice of constraints is key to obtaining optimal solutions
not only under a mathematical perspective but especially ensuring a real transferability,
sustainability, and social acceptance. Diet habits demand is an emblematic example: not
constraining optimal management strategies would potentially ensure high food calories
support and a high bioenergy potential; however, it will be not accepted by the local
population and farmers, thus preventing any efforts for their diffusion.

The constraints considered for this analysis are (Figure 4):

• Food calorie minimum requirements and diet habits
• Cropland availability
• Irrigation water availability

3.2.1. Minimum Food Production Constraint

This constraint was formulated using two methods, which respond to alternative
possible realities: that regional demand can only be satisfied by the global production (of
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all regions together) (Equation (6)) or that it can only be satisfied by the production of the
sole region itself (Equation (7)).

∑
r
(XRrc ∗YieldRrc + XIrc ∗YieldIrc) ≥∑

r
MinProdrc ∀ c in C (6)

XRrc ∗YieldRrc + XIrc ∗YieldIrc ≥ MinProdrc ∀ c in C, ∀ r in R (7)

The minimum production (MinProdrc) is the same in both situations as it only depends
on the population and the FSQHabrc, as formulated in Equation (8).

MinProdc = ∑c Pop ∗ FSQHabrc ∀ c in C (8)

The minimum production (MinProd) required to satisfy food demand was calculated
by combining the diet habits of the local population with the average dietary energy
(calories) requirement as defined by FAO at the national level [52,54]. Diet habits were
based on the annual per capita quantity (FSQHabrc, Table 1) of each food crop consumed [52].
According to FAO food security indicators, each country has a specific minimum and
average dietary energy requirement set up and updated annually based on specific statistics
for food consumption for different population groups.

In order to incorporate all these issues into the analysis, we applied a food security
weighting factor, ranging from 20% for most crops to 50% for rice and oil crops, thus
reducing (starting from the production in the field) the effective quantity of food really
available for consumption.

3.2.2. Agricultural Area Available Constraint

This constraint is imposed by the total available agricultural area in each region. The
value of AreaAvailr considered in the analyses presented in this study was equal to the
agricultural area available in the current scenario.

∑
c
(XRrc + XIrc) ≤ AreaAvailr ∀ r in R (9)

This constraint ensures the analysis of alternative cropland allocation while maintain-
ing constant the total used surface: the total area (irrigated and rainfed) was kept fixed but
the distribution between irrigated and rainfed was changed for each crop in each region.

3.2.3. Irrigation Water Availability Constraint

This constraint is meant to take into account the total water availability for the agricul-
tural sector (crop irrigation) in each region. It does not impose any limits on how water is
distributed among the different crops within each region. This constraint is formalized as:

∑c( XIrc ∗WatReqbyHarc) ≤WaterAvailr ∀ r in R (10)

The threshold (WaterAvailr) defining the maximum water use for irrigation has been
currently setup according to ongoing management strategies.

3.2.4. Difference with the Current Strategy Constraint

In general, we can expect that radical changes in cropland area management and
allocation are not desirable; therefore, a restriction factor was integrated in the model in
order to allow us to control and limit the total difference areas devoted to each crop in
each region, taking as a starting reference the current distribution (baseline scenario). The
following equation represents such a constraint:

∑c abs(XRrc + XIrc − CurrArIrrrc + CurrArIrrrc ) ≤ MaxAreaVarr ∀ r in R (11)
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The value of the MaxAreaVarr can be defined in each analysis, and in the analyses pre-
sented in this study it was calculated as a percentage of the actual total area in each region.

3.3. Optimization Solvers (System Implementation)

A system has been implemented according to the optimization model described above,
which allows experts to plan biomass exploitation in a region.

The optimization models were designed using the software package GLPK [55],
licensed under the GNU General Public License. Since the core routines were developed in
R [56], we used the Rglpk [57] package to provide a high-level solver function based on the
low-level C interface of the GLPK solver. The modules of the agronomic optimizer were
coded in GNU MathProg, which is a modification of AMPL [58].

The constraint method (alfa constraint) was implemented in this assessment (see [59])
to determine the set of optimal solutions that compensate for two objectives simultaneously,
and it was used to construct the Pareto curve.

4. Optimization Results

In this section, we present key findings related to the assessment of bioenergy (elec-
tricity) potential production resulting from crop residue valorisation and its optimization
taking into account WEFE-nexus indicators associated with cropland allocation and avail-
ability, water demands and availability (as based on current abstraction), and the food
self-sufficiency potential.

The optimization model, described in the methods section, was applied for each
country at different spatial scales and with different levels of aggregation: for each small
administrative region as an independent item, at the country level by aggregating all
administrative regions belonging to the same country, and at the river basin level. In
this application we chose to present aggregated results at the national level because,
even if they belonged to the same river basin, the four countries have important specific
different characteristics (such as the food calories constraint, land allocation, and energy
requirements—see Figure 2 and Table 3) and because the proposed solutions would be
more adapted and acceptable for local decision makers and stakeholders.

The bioenergy, the food calories potential, and the irrigation water use resulting
under the current management strategy (BLS) in each country are shown in Table 4. The
management strategies here analysed are related to (i) different cropland allocation as
resulting from different distributions of different crops occupying the same land area and
(ii) the allocation of irrigation water available.

Table 4. Energy production potential from crop residues, food calories, and water use for irrigation
for the current baseline (BLS) in the study area.

Country Bioenergy Potential Food Calories
Production

Irrigation Water
Demand

GWh/yr Mcal Mm3

Guinea 1100 3270 70.7
Mali 1759 4490 10.5

Mauritania 750 2180 998.0
Senegal 255 835 546.0

Using the optimization models developed, optimal management strategies have been
found that maximize (a) bioenergy production or (b) food calories production and, under
different considerations, (1) the movement or non-movement of crop production between
regions and (2) the different degrees of similarity with the current land allocation.

Table 5 summarizes the different optimal strategies found, indicating in which table
or figure the corresponding results are included.
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Table 5. Summary of combination of constraints considered for the optimization analysis, where: (1) FrMv/NoMv crop
products can be respectively moved or not between regions, and (2) CrL100/CrL5 cropland allocation is totally free or is
limited to a maximum of 5% of the total crop area.

Constraints Short
Description

Crops Movement
between Regions

CropLand
Allocation Limit

Reported
Results

BSL Current management No 0% Table 4,
Figure 5

FrMv.CrL100
No restriction for movement and land

allocation Yes 100% free Table 6
Figure 6

NoMv.CrL100
Free land allocation but no crop

movement No 100% free Table 7

FrMv.CrL5
No restriction for movement but limit

allocation Yes 5% change Table 8

NoMv.CrL5 No crop movement and limit allocation No 5% change Table 9
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Table 6. Baseline (BLS)-related variations (as % changes) of bioenergy and food calories produced in each country for the
strategy that maximizes energy (a) and the strategy that seeks to maximize food calorie production (b) for the FrMv.CrL100

constraints combinations.

Country
(a) Maximize Energy (b) Maximize Food Calories

Bioenergy FoodCal Bioenergy FoodCal

Guinea 59.6% 36.6% 59.2% 37.4%
Mali 57.9% 67.1% 39.1% 70.4%

Mauritania 60.5% 73.7% 54.0% 76.8%
Senegal 58.3% 40.4% 45.0% 41.0%

River basin 66.1% 57.6% 45.9% 66.1%
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constraints combination).

Table 7. Baseline (BLS)-related variations (as % changes) of bioenergy and food calories produced in
each country, for the strategy that maximizes energy (a) and the strategy that seeks to maximizes
food calorie production (b) for the NoMv.CrL100 constraints combination.

Country
(a) Maximize Energy (b) Maximize Food Calories

Bioenergy FoodCal Bioenergy FoodCal

Guinea 46.9% 27.0% 30.7% 27.4%
Mali 31.1% 40.6% 5.0% 46.2%

Mauritania 43.7% 57.4% 29.1% 58.2%
Senegal 24.2% 14.6% 4.7% 15.3%

River basin 35.1% 32.5% 14.6% 35.2%

Table 8. Baseline-related variations for bioenergy and calories production for strategies maximizing
(a) the energy production and (b) the food calorie production, under free movements between regions
permitted (FrMv) and enabling a maximum variation rate of only 5% of total crop areas (CrL5).

Country
(a) Maximize Energy (b) Maximize Food Calories

Bioenergy FoodCal Bioenergy FoodCal

Guinea 13.8% 8.6% 10.8% 9.3%
Mali 6.7% 8.9% 3.0% 10.7%

Mauritania 6.6% 6.3% 3.0% 7.5%
Senegal 7.1% 5.4% 4.5% 5.6%
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Table 9. Baseline-related variations for bioenergy and calories production for strategies maximizing
(a) the energy production and (b) the food calorie production, under the constraint of satisfaction of
local demand by limiting the movement (NoMv) and the sharing of crop items between regions and
enabling a maximum variation rate of only 5% of total crop areas (CrL5).

Country
(a) Maximize Energy (b) Maximize Food Calories

Bioenergy FoodCal Bioenergy FoodCal

Guinea 6.5% 3.5% 4.4% 4.2%
Mali 2.3% 5.9% −0.5% 7.3%

Mauritania 3.2% 3.4% 1.6% 4.1%
Senegal 2.6% 1.6% 1.6% 1.7%

The most important key aspect distinguishing the different level of aggregation (inde-
pendent regions vs. national and/or river basin level) is associated with the opportunity
to move agricultural products between different regions. As envisaged, the strategies
favouring the free transfer of crop products from one region to another are the ones that
achieve the greatest increases both for bioenergy and food calorie production compared to
the current situation (Tables 6 and 7).

These optimal strategies reveal a high increase, but, in reality, other constraints shall
be taken into account, such as the satisfaction of food local demand, which requires a
limitation to the free movement of food items and or the capability to change radically and
without a social impact by cropland allocation.

When optimal strategies have to ensure the satisfaction of food demand for each
region’s improvements (as reported as a relative increase in Table 7), they are not as great
as in the previous case (Table 6) but are nevertheless of major importance.

In both situations, two optimal strategies were analysed: (a) the one that maximize
the bioenergy production using the crop residue (left Table 6 and left Table 7) and (b) the
one that maximizes the crop food calories (right Table 6 and right Table 7).

Regarding the maximization of the bioenergy production, with the regional crop pro-
duction sharing option (Table 6a), the optimal strategies led to a considerable improvement
(about 66% at river basin level). In the regional self-satisfaction optimal strategies, with no
crop items exchange allowed (Table 7a), the improvement rate was much more diversified
between countries ranging between 24% (Senegal) and 47% (Guinea).

In relation to the food production (calories) maximization strategies, in the regional
crop production sharing case, the increase was very large both in Mauritania and Mali
(67–74%), while it was around 40% in Guinea and Senegal. For the regional self-satisfaction
optimal strategies, the highest improvement rate was again in Mauritania (54%), while the
lowest was in Senegal (15%).

In Guinea the differentiation of the optimization target (bioenergy vs. food production)
results actually led to very similar solutions. In Figure 5, the results of cropland allocation
for the two alternative optimization targets are confronted with the baseline. For both,
the highest change of crop allocation occured in one single region (Koubia), where maize
(a crop type important for food self-sufficiency that produces more food calories) was
essentially replaced by peanuts, which are characterized by a higher energy potential.
It can be seen that both optimal strategies differ significantly from the baseline, highly
promoting the cultivation of peanuts over the cereal fonio. Additionally, in the baseline,
rice and maize were widely produced in all the regions of Guinea, but the optimized
strategies prioritized the production of each of them in specific regions. This is clearly the
result of the possibility of moving crops across regions, which leads to focus the production
of a specific crop where it produces more (according to current crop management and
reported yield statistics). Although this figure does not show the difference in irrigation
management, it is important to note that, in the optimal strategies, the cassava would be
potentially irrigated, as a high difference of productivity was actually currently reported
between the two production systems (rainfed vs. irrigated produce 3–4 times less). This
points to how input highly affects selected strategies and the key importance of using
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specific constraints to limit optimized solutions within a reasonable, social, and practical
acceptable range. In no movements of the crop items allowed were the optimal strategies
identified quite similar just for the conversion of fonio (even if some area was maintained)
and cassava cropping in favour of peanuts; rice production in each region was retained, at
least at a minimum level for local demand satisfaction.

A very different situation was found in Mali. Indeed, in this case, the differentiation
of the optimization target (bioenergy vs. food production) actually led to very different
solutions for the scenario configured by allowing the free movement of crops. In this case,
as expected, the bioenergy target resulted in a much higher bioenergy potential increase
(+60% vs. +39%), while, for food calories, there was not much difference, as both solutions
identified had an important increase (Table 6). In the regional self-satisfaction case, which
was also for Mali, bio-energy production increased by 31.1% or only 6.5% depending on
whether it was the strategy that maximizes bioenergy or food production. In this situation
the strategy that maximizes energy production seemed a better compromise than the one
that maximizes calories, since the latter was much worse in terms of energy (31.1→ 6.5)
and only slightly better in terms of food production (40.6→ 46.2). Figure 5 shows how in
these optimal strategies a large part of the area dedicated to maize (a crop characterized by
residues resulting in maximal energy production) is replaced by cassava and rice (because
of their importance for food production).

The rate of improvement of one strategy is correlated with the degree of impracticabil-
ity in the baseline scenario (Figure 4). This explains why the optimal strategies for Mali
and Senegal provide the lower improvements, especially in the regional self-satisfaction
case (Table 7).

In the case of Mali’s regions, we observed a similar behaviour, with important differ-
ences between the current baseline and the identified optimal strategies. Indeed, in the
baseline there is almost no area devoted to fonio and cassava, and this pattern also persists
in the optimal solution that maximizes energy production; however, in the strategy that
maximizes food calorie production, almost all regions in Mali devote some area for the
self-production of the tuber. Other important changes in cropland allocation between the
baseline and the optimised strategies could be observed (Figure 6) for peanuts, millet, and
sorghum whose production was quite drastically reduced.

The optimal strategies shown in Figure 5c,d, and Figure 6c,d consider that it is possible
to share production between different regions of the same country (without any loss or
cost); however, transportation costs or other logistical issues could make this share not so
economically interesting. Therefore, optimal strategies have also been analysed considering
that each region must self-satisfice its demand. Figure 6 shows the area distributions in
this situation in the regions of Mali. If we compare it with the equivalent plots in Figure 5,
we can see that all the crops are produced in all regions.

A common result for all countries and scenarios, is that the identified optimal solutions
require important changes in the distribution of crops on harvested land. This is clearly an
aspect to take into consideration for the acceptance and transferability of the solutions to
the agricultural sectors and above all to small farmers. For this reason, we have introduced
another constraint by limiting the maximum variation permitted for each crop: thus, the
area of one crop is allowed to increase and decrease in a limited range starting from current
area, as designated in the baseline. Tables 8 and 9 and summarize increase and decrease
percentage rate of the optimal strategies identified with a maximum variation rate of only
5%, and by respectively allowing or not the movement of crop items between regions. The
new strategies, although as expected much more similar to current cropland occupation
(baseline), produce appreciable improvements for both optimization objectives (energy
and food production). Likewise evidenced in the previous analysis with no limits for area
changes (see Tables 6 and 7), when it is possible to move crop production between regions,
the increase both for energy and food crop production are much higher.
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In addition, the missing food items quite important under the baseline manage-
ment (specifically in Mali, Figure 5) were much reduced or totally disappearing for
several regions.

In the free product movement between regions’ optimal strategies, by its own concep-
tion, the regional self-satisfaction did not make sense to analyse the violation of regional
self-satisfaction, since it promotes the search for optimal solutions at the country level
without any concern for what happens in each region. Logically, regional intractable factors
decreased when they can be shared between regions, as the solutions eliminate global
intractable factors and increase (country) production by having much more flexibility
to manage.

The intractable factors at the country level disappear in all the optimal strategies where
no similarity with the current situation was required with the exception of 14,700 tons of
rice in Mauritania, which the optimal strategy of regional self-satisfaction failed to eliminate.

For the optimal strategies with the limitation of 5% in maximum area variation, the
degree of dissatisfaction was significantly reduced (even being null in Guinea and Senegal)
or was increased depending on whether or not regional self-satisfaction was to be verified.

5. Discussion

There are ongoing and controversial discussions about the impacts the production
of energy from agricultural biomass may have on land use, because of the competition
between energy and food production, farm income, energy requirements, and greenhouse
gas emissions [60]. Based on the methodology proposed in this work we focused on the
valorisation of crop residues with no, or very limited, impact on the food system and on
the requirement of land to produce food. This was ensured in our approach since there was
no competition between the biomass use and the food sector because the optimal land-use
strategies proposed should always satisfy the demand for food (for consumption by the
local population), and only the residues were taken into account. In addition, the proposed
approach leaves a quote of about 30–50% (depending on the crop type) of the residues on
the soil, to avoid the potential negative effect of soil nutrient fertility depletion.

Another key aspect to be considered is the practical transferability of the proposed
solutions and their acceptance. In order to ensure their acceptance, we introduced in
the optimization models a constraint that limit the differences between new and current
cropland patterns (see Scenarios 3 and 4). In the case that decision-makers only support
strategies that are very similar to the current strategy, as shown in the results section, the
required constraint still ensures the achievement of an important bioenergy production
increase and the complete food demand satisfaction by local production, at least for the
riparian regions of Guinea and Senegal (see Tables 8 and 9).

The capability of completely satisfying local food demand while enhancing energy
production is highly dependent on the availability of crop residues. Clearly, the spatial
dimension and the spatial level of aggregation of such residues severely affected the
results. Indeed, when the movement of crop production between regions was not limited
(assuming, for example, low transport costs, good conditions for product storage, etc.),
the optimal strategies (see Tables 7 and 9) achieved large improvements both in food and
energy production and ensured the satisfaction of all local production food demand at the
country level. Concerning the temporal resolution, our approach was based on reference
data for a given period (for example, for nutrition requirements, water availability, crop
productivity, and exploitation of land) and year-by-year variability was aggregated in the
output presented. Nevertheless, the tool can easily update the reference data to analyse
new and changing boundary conditions (for example, by changing water availability, crop
productivity, or nutrient requirements as affected by development).

However, the regional self-satisfaction capacity (limited movements at the regional
level) remains a desirable objective, both for reasons of transport and storage cost, potential
difficulties in crop transportation, and as a strategic method to ensure food security for
farmers. Currently, the linkage between food security and agriculture is particularly strong
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in all riparian countries of the SRB, and this is reinforced by the strong dependency of the
population’s diet on locally produced agricultural food commodities. Nevertheless, there
are other aspects that could potentially affect food crop insecurity, such as post-harvest
losses, limited accessibility to markets, lack of infrastructure for food transport and storage,
and crop failures because of local and seasonal conditions.

An important aspect to be considered is that the envisaged increase in efficiency of the
biomass conversion in the studied region (the Senegal river basin and, more specifically,
rural areas) requires a challenging technology transfer and appropriate logistics systems.
These aspects are implicitly assumed by this study.

Financial feasibility is finally a key element, which is even more complex and which
should be assessed at a local scale depending on the national economy and the incen-
tive frameworks of each of the four countries. As an example, Arranz-Piera’s study in
Ghana [18] indicated that a 1000 kWe combined heat-power plant would not be economi-
cally viable under the 2018 renewable feed-in-tariff rates. To ensure the economic viability
of the power plant, it would be necessary to increase the rates by 25% or subsidise a
minimum of 30% of the initial investment cost.

Another key aspect to be considered is the environmental impact of such strategies
and more specifically the potential benefit linked with reduction in the usage of wood
as the primary source of energy and cooking (with impacts on health due to indoor air
pollution) [8]. We did not directly include this aspect in this application in order to
reduce the complexity of the optimization process. Nevertheless, the demand for fuelwood
(mainly firewood in rural areas and charcoal in urban areas) was already high in the region.
The total use in 2018 was about 26 Mm3, and it is expected to increase steadily. Under
this framework, several authors highlighted the importance of encouraging the use of
agricultural waste and promoting the application of biogas technology, specifically in rural
areas where clean energy access is low and where environmental pressure needs urgently
to be mitigated [61–63]. Just to provide a proxy of environmental pressure of wood fuel
use in the Senegal river basin, an estimation of the forest land required to satisfy the energy
demand for cooking was assessed. Based on this estimation, about 428 kg of wood fuel
would be required per person, which means 20,000 km2 of forest to satisfy the demand
of all the rural population in 2016 (of which 40% was for Mali, 25% was for Senegal and
Mauritania, and 10% was for Guinea). These and other aspects can be included in a multi-
objective analysis and will be included in future studies, depending on data availability and
stakeholder interest. Indeed, the results of this work indicate the importance of integrating
several objectives and constraints into the optimization, for the effective identification of
sustainable and viable management strategies.

Several alternative management scenarios are under development by riparian coun-
tries in the SRB [64]. Under these scenarios, small farmers will need to be adapted to
depend even more on rainfed production due to an increased competition with other
sectors for water and land resources potentially impacted by climate change, climate
variability, and increasing demands. Indeed, crop residues’ valorisation for the local pro-
duction of energy is a way to increase household resilience to water availability stress and
increased competition. Crop residues used for electricity production have the potential
of improving electricity access rates, providing more capabilities for water pumping, and
eventually groundwater resources, and for the use of alternative irrigation strategies (such
as complementary irrigation) to make food production more stable and sustainable in the
long term.

Certainly, the specific productivity of irrigated cropping systems is usually consid-
erably higher than rainfed crops, both for the reduction in water stress and also because
irrigation systems are normally associated with highly intensive crop management (such
as fertilizer input, pest control, and the harvest and post-harvest processes). Nonetheless,
irrigation cropping systems are not widely diffused in the SRB (about 6% of cropland
is classified as irrigated [65]) and are mainly taking place downstream of Bakel in the
Mauritania and Senegal riparian regions. Even with these small percentages of irrigated
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cropland, water abstraction for irrigation is already the highest at the river basin level
(1400 M m3/yr) compared with residential, industrial, and livestock water demand (total
of 204 M m3/yr) [64]. In all the strategies presented in this study, the total amount of
water used for irrigation was considered constant, to simplify the analysis and reduce the
variables affecting the results. However, it is important to point out that both the increased
water for irrigation or its distribution among the different crops would result in significant
variations for energy and food production potentials.

This effect is illustrated by applying multi-objective optimization for the identification
of trade-offs between two optimal solutions by considering the different nexus components
(WEFE). The example results are shown in Figure 7, where the grey dots are the Pareto
optimal front between food production and bioenergy production for a fixed amount
of irrigation water. Starting from the optimal strategies under free movements between
regions permitted in Guinea, optimal strategies are sought for scenarios in which the total
amount of water applied increases.
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Figure 7. Optimal strategies identified for Guinea’s river basin regions under alternative irrigation
water scenarios (variable total water use for irrigation). The blue dots are the strategies that maximize
the bioenergy production, and the orange dots are the strategies that maximizes the food calorie
production. The grey dots are the Pareto front optimal strategies between bioenergy and food
production (multi-objective) for the same water availability. The size of the dots represents the
relative irrigation water quantity applied.

The optimal strategies that maximized the bioenergy potential (blue dots) achieved
increases of 6.1% and 6.4% for energy and food production, respectively, when the amount
of water devoted to irrigation was increased by a factor of nine (upper-right point in
Figure 7). However, when the objective was maximizing food calories production, for the
same increase in water, the increment in food production was 9.6%, but such a strategy
implies a reduction in bioenergy production of 13% (upper-left point). This example clearly
illustrates the conflicts between water, energy, and food.

6. Conclusions

This study developed a methodological approach by taking into consideration the
context-specific land management requirements in the Senegal river basin and by pri-
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oritizing options that co-deliver multiple benefits while minimizing the trade-offs of
bioenergy deployment. Specifically, the methodology developed integrates optimization
techniques with biophysical models in order to simulate the energy production potential
from the agricultural biomass (residues), food production, and the effects of cropland
management strategies.

We estimated that 7 million tons of crop residues were generated in 2016 in the
Senegal river basin, resulting in an electricity potential of 4.4 million MWh/year. Several
sustainable land-energy management strategies were explored and compared with the
current management strategy. Our results indicate that bioenergy production from crop
residues can increase from 5% to +50% depending on the strategy constraints considered
without necessarily resulting in a lower production of food items and outside requiring
a higher pressure on the land-use system. Under the optimal strategies that maximize
the bioenergy potential, the energy and food production increased by 6%, while water
use increased by a factor of nine. As a general outcome, the current baseline analysis
points out that there is much space for searching for alternative management strategies
to optimize local food demand specifically in Mali and Senegal, where the highest values
were observed in the baseline and also partially in Guinea; Mauritania seemed to have
less of an issue for this indicator, even if this does not imply that a more efficient use of
cropland can be reached.

The adoption of optimization techniques was particularly useful for the development
of a decision support system and assessment as they provide managers with multiple
efficient strategies, which take into account different aspects, such as the degree of regional
self-satisfaction of the demand or the greater or lesser continuity/similarity with the
management that has been carried out in recent years; they also seek to maximize the
objective of energy or food (calorie) production. This case study in the Senegal river
basin is particularly complex because of the variability of climate, culture, and food habits,
resulting by the transboundary character of the basin and implying the harmonization of
strategies of four different countries. The comparative analysis of the optimal strategies
allowed the quick identification of alternative management strategies, implying possible
small modifications but with high benefits (which maximizes the probability of being
easily accepted by stakeholders and, above all, by farming systems). For instance, in
the Senegal river basin case, the application of this integrated system showed how it is
possible to significantly increase both agricultural and energy production with limited
trade-offs between them (see, for example, scenario NoMv.CrL5 and the results reported in
Table 9). The comparative analysis allowed us to clearly identify which was the maximum
achievable improvement or target and to define effective intermediate strategies, which
are able to provide important energy and food improvements while minimizing land
management change. For example, in the case of Mali, the increase of about 3–5% in the
maize and rice area was enough to ensure both an increase in food and energy production
(+2–6%). It is also very useful for detecting the main weaknesses and vulnerabilities of
current management for instance. All this allows managers or decision makers to act
with greater knowledge of the situation and, above all, to have a wide range of efficient
alternatives with which to make a final decision that adequately meets the interests of
several sectors.
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for Africa’s electricity sector. Science 2021, 373, 616–619. [CrossRef] [PubMed]
4. International Energy Agency. Africa Energy Outlook; International Energy Agency: Paris, France, 2019.
5. United Nations. Department of Economic and Social Affairs Sustainable Development Goals. Available online: https://sdgs.un.

org/goals (accessed on 1 September 2021).
6. ECREEE ECOWREX. ECOWAS Observatory for Renewable Energy and Energy Efficiency. Available online: http://www.

ecowrex.org/ (accessed on 23 February 2020).
7. Pope, D.; Diaz, E.; Smith-Sivertsen, T.; Lie, R.T.; Bakke, P.; Balmes, J.R.; Smith, K.R.; Bruce, N.G. Exposure to household air

pollution from wood combustion and association with respiratory symptoms and lung function in nonsmoking women: Results
from the RESPIRE trial, Guatemala. Environ. Health Perspect. 2015, 123, 285–292. [CrossRef] [PubMed]

8. Bailis, R.; Ezzati, M.; Kammen, D.M. Mortality and greenhouse gas impacts of biomass and petroleum energy futures in Africa.
Science 2005, 308, 98–103. [CrossRef]

9. ECOWAS/Economic Community of West African States. ECOWAs Renewable Energy Policy; ECOWAS, C.P. 288: Praia, Cape Verde,
2015.

10. Stecher, K.; Brosowski, A.; Thrän, D. Biomass Potential in Africa; IRENA: Abu Dhabi, United Arab Emirates, 2013.
11. Moner-Girona, M.; Bender, A.; Becker, W.; Bódis, K.; Szabó, S.; Kararach, A.G.G.; Anadon, L.D.D.; Kararach, G.; Diaz Anadon,

L. A multidimensional high-resolution assessment approach to boost decentralised energy investments in Sub-Saharan Africa.
Renew. Sustain. Energy Rev. 2021, 148, 111282. [CrossRef]

12. Szabó, S.; Pascua, I.P.; Puig, D.; Moner-Girona, M.; Negre, M.; Huld, T.; Mulugetta, Y.; Kougias, I.; Szabó, L.; Kammen, D. Mapping
of affordability levels for photovoltaic-based electricity generation in the solar belt of sub-Saharan Africa, East Asia and South
Asia. Sci. Rep. 2021, 11, 3226. [CrossRef] [PubMed]

13. Gnansounou, E.; Pachón, E.R.; Sinsin, B.; Teka, O.; Togbé, E.; Mahamane, A. Using agricultural residues for sustainable
transportation biofuels in 2050: Case of West Africa. Bioresour. Technol. 2020, 305, 123080. [CrossRef]

14. Jiang, Y.; Havrysh, V.; Klymchuk, O.; Nitsenko, V.; Balezentis, T.; Streimikiene, D. Utilization of Crop Residue for Power
Generation: The Case of Ukraine. Sustainability 2019, 11, 7004. [CrossRef]

15. Jekayinfa, S.O.; Scholz, V. Potential availability of energetically usable crop residues in Nigeria. Energy Sources Part A Recover. Util.
Environ. Eff. 2009, 31, 687–697. [CrossRef]

16. Gregg, J.S.; Smith, S.J. Global and regional potential for bioenergy from agricultural and forestry residue biomass. Mitig. Adapt.
Strateg. Glob. Chang. 2010, 15, 241–262. [CrossRef]

17. Arranz-Piera, P.; Bellot, O.; Gavaldà, O.; Kemausuor, F.; Velo, E. Trigeneration Based on Biomass—Specific Field Case: Agricultural
Residues from Smallholder Farms in Ghana. Energy Procedia 2016, 93, 146–153. [CrossRef]

18. Arranz-Piera, P.; Kemausuor, F.; Darkwah, L.; Edjekumhene, I.; Cortés, J.; Velo, E. Mini-grid electricity service based on local
agricultural residues: Feasibility study in rural Ghana. Energy 2018, 153, 443–454. [CrossRef]

19. Arranz-Piera, P.; Horta, F.; Velo, E. Guidelines to introduce biomass systems in decentralised electrification programmes for MDG
achievement in the sub saharan african context. case studies of two reference countries: Ghana and Mozambique. In Proceedings
of the 19th European Biomass Conference & Exhibition, Berlin, Germany, 6–10 June 2011.

20. Ackom, E.K.; Alemagi, D.; Ackom, N.B.; Minang, P.A.; Tchoundjeu, Z. Modern bioenergy from agricultural and forestry residues
in Cameroon: Potential, challenges and the way forward. Energy Policy 2013, 63, 101–113. [CrossRef]

21. Okello, C.; Pindozzi, S.; Faugno, S.; Boccia, L. Bioenergy potential of agricultural and forest residues in Uganda. Biomass Bioenergy
2013, 56, 515–525. [CrossRef]

22. Guo, M.; van Dam, K.H.; Touhami, N.O.; Nguyen, R.; Delval, F.; Jamieson, C.; Shah, N. Multi-level system modelling of the
resource-food-bioenergy nexus in the global south. Energy 2020, 197, 117169. [CrossRef]

23. IEA (International Energy Agency). Sustainable Production of Second-Generation Biofuels; IEA: Paris, France, 2010.

https://sdgs.un.org/2030agenda
https://sdgs.un.org/2030agenda
http://doi.org/10.1017/S2047102519000128
http://doi.org/10.1126/science.abh1975
http://www.ncbi.nlm.nih.gov/pubmed/34353936
https://sdgs.un.org/goals
https://sdgs.un.org/goals
http://www.ecowrex.org/
http://www.ecowrex.org/
http://doi.org/10.1289/ehp.1408200
http://www.ncbi.nlm.nih.gov/pubmed/25398189
http://doi.org/10.1126/science.1106881
http://doi.org/10.1016/j.rser.2021.111282
http://doi.org/10.1038/s41598-021-82638-x
http://www.ncbi.nlm.nih.gov/pubmed/33547382
http://doi.org/10.1016/j.biortech.2020.123080
http://doi.org/10.3390/su11247004
http://doi.org/10.1080/15567030701750549
http://doi.org/10.1007/s11027-010-9215-4
http://doi.org/10.1016/j.egypro.2016.07.163
http://doi.org/10.1016/j.energy.2018.04.058
http://doi.org/10.1016/j.enpol.2013.09.006
http://doi.org/10.1016/j.biombioe.2013.06.003
http://doi.org/10.1016/j.energy.2020.117196


Sustainability 2021, 13, 11065 22 of 23

24. Robertson, G.P.; Hamilton, S.K.; Barham, B.L.; Dale, B.E.; Izaurralde, R.C.; Jackson, R.D.; Landis, D.A.; Swinton, S.M.; Thelen, K.D.;
Tiedje, J.M. Cellulosic biofuel contributions to a sustainable energy future: Choices and outcomes. Science 2017, 356, eaal2324.
[CrossRef] [PubMed]

25. Albrecht, T.R.; Crootof, A.; Scott, C.A. The Water-Energy-Food Nexus: A systematic review of methods for nexus assessment.
Environ. Res. Lett. 2018, 13, 043002. [CrossRef]

26. Keairns, D.L.; Darton, R.C.; Irabien, A. The Energy-Water-Food Nexus. Annu. Rev. Chem. Biomol. Eng. 2016, 7, 239–262. [CrossRef]
[PubMed]

27. Liu, J.; Hull, V.; Godfray, H.C.J.; Tilman, D.; Gleick, P.; Hoff, H.; Pahl-Wostl, C.; Xu, Z.; Chung, M.G.; Sun, J.; et al. Nexus
approaches to global sustainable development. Nat. Sustain. 2018, 1, 466–476. [CrossRef]

28. Pastori, M.; Udías, A.; Bouraoui, F.; Bidoglio, G. A Multi-Objective Approach to Evaluate the Economic and Environmental
Impacts of Alternative Water and Nutrient Management Strategies in Africa. J. Environ. Inform. 2017, 29, 16–28. [CrossRef]

29. Plà, L.M.; Sandars, D.L.; Higgins, A.J. A perspective on operational research prospects for agriculture. J. Oper. Res. Soc. 2014, 65,
1078–1089. [CrossRef]

30. Udías, A.; Galbiati, L.; Elorza, F.J.; Efremov, R.; Pons, J.; Borras, G.; Galbiati, L. Framework for multi-criteria decision management
in watershed restoration. J. Hydroinform. 2012, 14, 359–411. [CrossRef]

31. Zhang, J.; Campana, P.E.; Yao, T.; Zhang, Y.; Lundblad, A.; Melton, F.; Yan, J. The water-food-energy nexus optimization approach
to combat agricultural drought: A case study in the United States. Appl. Energy 2018, 227, 449–464. [CrossRef]

32. Dhaubanjar, S.; Davidsen, C.; Bauer-Gottwein, P. Multi-Objective Optimization for Analysis of Changing Trade-Offs in the
Nepalese Water–Energy–Food Nexus with Hydropower Development. Water 2017, 9, 162. [CrossRef]

33. Ba, B.H.; Prins, C.; Prodhon, C. Models for optimization and performance evaluation of biomass supply chains: An Operations
Research perspective. Renew. Energy 2016, 87, 977–989. [CrossRef]

34. Johnson, D.M.; Jenkins, T.L.; Zhang, F. Methods for optimally locating a forest biomass-to-biofuel facility. Biofuels 2012, 3, 489–503.
[CrossRef]

35. Nagel, J. Determination of an economic energy supply structure based on biomass using a mixed-integer linear optimization
model. Ecol. Eng. 2000, 16, 91–102. [CrossRef]

36. Freppaz, D.; Minciardi, R.; Robba, M.; Rovatti, M.; Sacile, R.; Taramasso, A. Optimizing forest biomass exploitation for energy
supply at a regional level. Biomass Bioenergy 2004, 26, 15–25. [CrossRef]

37. Shabani, N.; Akhtari, S.; Sowlati, T. Value chain optimization of forest biomass for bioenergy production: A review. Renew.
Sustain. Energy Rev. 2013, 23, 299–311. [CrossRef]

38. Cundiff, J.S.; Dias, N.; Sherali, H.D. A linear programming approach for designing a herbaceous biomass delivery system.
Bioresour. Technol. 1997, 59, 47–55. [CrossRef]

39. Duku, M.H.; Gu, S.; Hagan, E. Ben A comprehensive review of biomass resources and biofuels potential in Ghana. Renew. Sustain.
Energy Rev. 2011, 15, 404–415. [CrossRef]

40. Hassan, I.; Ahmad, P.; Akhter, M.; Aslam, M. Use of Linear Programming Model to Determine the Optimum Cropping Pattern: A
case Study of Punjab. Electron. J. Environ. Agric. Food Chem. 2005, 4, 841–850.

41. Kemausuor, F.; Kamp, A.; Thomsen, S.T.; Bensah, E.C.; Østergård, H. Assessment of biomass residue availability and bioenergy
yields in Ghana. Resour. Conserv. Recycl. 2014, 86, 28–37. [CrossRef]

42. Arranz-Piera, P.; Kemausuor, F.; Addo, A.; Velo, E. Electricity generation prospects from clustered smallholder and irrigated rice
farms in Ghana. Energy 2017, 121, 246–255. [CrossRef]

43. Udias, A.; Pastori, M.; Dondeynaz, C.; Moreno, C.C.; Ali, A.; Cattaneo, L.; Cano, J. A decision support tool to enhance agricultural
growth in the Mékrou river basin (West Africa). Comput. Electron. Agric. 2018, 154, 467–481. [CrossRef]

44. United Nations. Water for People, Water for Life: The United Nations World Water Development Report; a Joint Report by the Twenty-Three
UN Agencies Concerned with Freshwater; UNESCO World Water Assessment Programme: Paris, France, 2003.

45. OMVS. Evaluation Regionale Strategique des Options de Developpement Hydroelectrique et des Ressources en eau dans le Bassin du Fleuve
Senegal—Rapport D’evaluation Regionale Strategique—Volume 1; OMVS Report: Dakar, Senegal, 2013.

46. Diouf, Y. Étude socioéconomique de la vulnérabilité/résilience des exploitations agricoles familiales de la vallée du fleuve Sénégal.
Bachelor’s Thesis, École Nationale Supérieure d’Agriculture, Univerité de Thiès, Ecole Nationale Supérieure d’Agriculture
(ENSA), Thiès, Senegal, April 2015.

47. You, L.; Wood-Sichra, U.; Fritz, S.; Guo, Z.; See, L.; Koo, J. Spatial Production Allocation Model (SPAM) 2005 v3. 5 February 2018.
Available online: http://mapspam.info (accessed on 27 June 2018).

48. OMVS; JRC; AICS. Etude sur l’état des Lieux des Données, des Modeles, des Systèmes et des Infrastructures Existantes au Niveau de
l’OMVS et des Partenaires des Projets OMVS dans le Bassin du fleuve Sénégal; Baseline Report; OMVS: Dakar, Senegal, 2020.

49. OMVS. SDAGE du Fleuve Senegal. Phase 3. ANNEXES. Version Finale; OMVS: Dakar, Senegal, 2011.
50. ENDA. Bioenergy for Rural Development in West Africa: The Case of Ghana, Mali and Senegal; Final Report; ENDA Energy, Environment,

Development; GNESD: Copenhagen, Denmark, 2010.
51. Ayamga, E.A.; Kemausuor, F.; Addo, A. Technical analysis of crop residue biomass energy in an agricultural region of Ghana.

Resour. Conserv. Recycl. 2015, 96, 51–60. [CrossRef]
52. FAO FAOSTAT. New Food Balances—Food Supply Quantity. Available online: http://www.fao.org/faostat/en/#data/FBS

(accessed on 1 March 2020).

http://doi.org/10.1126/science.aal2324
http://www.ncbi.nlm.nih.gov/pubmed/28663443
http://doi.org/10.1088/1748-9326/aaa9c6
http://doi.org/10.1146/annurev-chembioeng-080615-033539
http://www.ncbi.nlm.nih.gov/pubmed/27023661
http://doi.org/10.1038/s41893-018-0135-8
http://doi.org/10.3808/jei.201500313
http://doi.org/10.1057/jors.2013.45
http://doi.org/10.2166/hydro.2011.107
http://doi.org/10.1016/j.apenergy.2017.07.036
http://doi.org/10.3390/w9030162
http://doi.org/10.1016/j.renene.2015.07.045
http://doi.org/10.4155/bfs.12.34
http://doi.org/10.1016/S0925-8574(00)00057-4
http://doi.org/10.1016/S0961-9534(03)00079-5
http://doi.org/10.1016/j.rser.2013.03.005
http://doi.org/10.1016/S0960-8524(96)00129-0
http://doi.org/10.1016/j.rser.2010.09.033
http://doi.org/10.1016/j.resconrec.2014.01.007
http://doi.org/10.1016/j.energy.2016.12.101
http://doi.org/10.1016/j.compag.2018.09.037
http://mapspam.info
http://doi.org/10.1016/j.resconrec.2015.01.007
http://www.fao.org/faostat/en/#data/FBS


Sustainability 2021, 13, 11065 23 of 23

53. Department of Industry and Science Australian Gov. Fundamentals of Energy Use in Water Pumping. Available online:
https://www.cottoninfo.com.au/sites/default/files/documents/Fundamentals%20EnergyFS_A_3a.pdf (accessed on 1 March
2020).

54. FAO; IFAD; WFP. The State of Food Insecurity in the World: Strengthening the Enabling Environment for Food Security and Nutrition;
FAO: Rome, Italy, 2014.

55. Makhorin, A. GNU Linear Programming Kit. 2012. Available online: https://www.gnu.org/software/glpk (accessed on 1 March
2021).

56. R Core Team. R: A Language and Environment for Statistical Computing. 2017. Available online: https://www.R-project.org/
(accessed on 1 February 2020).

57. Theussl, S.; Hornik, K.; Buchta, C.; Schwendinger, F.; Schuchardt, H. Rglpk: R/GNU Linear Programming Kit Interface. 2019.
Available online: https://cran.r-project.org/web/packages/Rglpk/index.html (accessed on 1 February 2020).

58. Fourer, R.; Gay, D.M.; Kernighan, B.W. A modeling language for mathematical programming. Manag. Sci. 1990, 36, 519–554.
[CrossRef]

59. Diwekar, U. Introduction to Applied Optimization, 3rd ed.; Springer International Publishing: New York, NY, USA, 2020.
60. Grundmann, P.; Klauss, H. The impact of global trends on bioenergy production, food supply and global warming potential—An

impact assessment of land-use changes in four regions in Germany using linear programming. J. Land Use Sci. 2014, 9, 34–58.
[CrossRef]

61. Leach, M.; Oduro, R. Preliminary Design and Analysis of a Proposed Solar and Battery Electric Cooking Concept: Costs and Pricing;
Evidence on Demand: Brighton, UK, 2015.

62. Batchelor, S.; Brown, E.; Scott, N.; Leary, J. Two Birds, One Stone—Reframing Cooking Energy Policies in Africa and Asia. Energies
2019, 12, 1591. [CrossRef]

63. Win, Z.; Mizoue, N.; Ota, T.; Kajisa, T.; Yoshida, S. Consumption Rates and Use Patterns of Firewood and Charcoal in Urban and
Rural Communities in Yedashe Township, Myanmar. Forests 2018, 9, 429. [CrossRef]

64. OMVS. SDAGE du Fleuve Senegal. Phase Schema Directeur. Version Definitive; OMVS: Dakar, Senegal, 2011.
65. Global Spatially-Disaggregated Crop Production Statistics Data for 2010 Version 2.0; IFPRI: Washington, DC, USA, 2019.

https://www.cottoninfo.com.au/sites/default/files/documents/Fundamentals%20EnergyFS_A_3a.pdf
https://www.gnu.org/software/glpk
https://www.R-project.org/
https://cran.r-project.org/web/packages/Rglpk/index.html
http://doi.org/10.1287/mnsc.36.5.519
http://doi.org/10.1080/1747423X.2012.719935
http://doi.org/10.3390/en12091591
http://doi.org/10.3390/f9070429

	Introduction 
	The Case Study and the Baseline Scenario Definition 
	Materials and Methods 
	Design of Optimization Modelling, Objectives, and Parameters Identification 
	The Bioenergy Potential Objective 
	The Food Calories Potential Production Objective 
	Total Irrigation Water and Pumping Energy Requirements Objectives 

	The Constraints 
	Minimum Food Production Constraint 
	Agricultural Area Available Constraint 
	Irrigation Water Availability Constraint 
	Difference with the Current Strategy Constraint 

	Optimization Solvers (System Implementation) 

	Optimization Results 
	Discussion 
	Conclusions 
	References

