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Abstract: The introduction of modern bioenergy alternatives is promoted to address water—energy—
food (WEF) security in the rural highlands of Ethiopia. While the role of women in WEF security is
an essential component of these challenges, gender dimensions remain invisible in the nexus debate.
This study explores the impact of gender-specific roles between female- and male-headed households
on the nexus resources in the rural highlands of Ethiopia using an agent-based modeling approach.
This includes capturing the gender-specific responses to modern bioenergy interventions to address
current energy crises that may reduce or enhance synergies among nexus resources and whether
the introduction of modern bioenergy technology would improve the quality of life for both men
and women. Using the participatory gendered mental model of the food—energy-land nexus, a base
ABM was developed to simulate the predicted effects under scenarios of population growth and
labor reallocation. Initial simulation results show that there is low adoption of alternative bioenergy
(i.e., biogas digesters), and the majority remain dependent on traditional energy sources (e.g., fuel
wood and animal dung), suggesting further land degradation. Female-headed households that adopt
biogas increase their burden of collecting water needed for the operation. Reallocation of labor from
crop production to fuelwood collection would result in the reduction of crop yields. It is expected
that male-headed households have better crop yields than female counterparts due to gender-specific
roles. However, by shifting 10% of labor allocated from energy collection to crop production, yields
(i.e., teff and wheat) produced by female-headed households would be comparable to their male
counterparts, enhancing their food security. However, the reduced workloads for women resulting
from the adoption of biogas digesters will not necessarily enhance their quality of life. This study
suggests that trade-offs may arise between efficiency (in resource use) and social equity, which
deserve to be further analyzed.

Keywords: agent-based model; bioenergy; fertilizer choices; fuelwood; gender roles; labor allocation;
quality of life

1. Introduction

The water-energy—food (WEF) security nexus is an important approach to achieving
sustainable development goals. The WEF nexus concept describes and addresses the
complex and interrelated nature of global resource systems in order to help achieve different
social, economic, and environmental goals. There are inherent trade-offs among water,
energy, and food outputs, as well as a declining capacity of natural resource bases that are
needed to support demand [1,2]. In recent years, many studies have used the WEF nexus
framework in efforts to find a balance between water, energy, and the use and production
of food [3]. A recent review [4] identified several types of nexus research, such as linkages
among water and food; water and energy; and water, energy, food, and climate. Most of
these nexus studies revolve around economic efficiency, resource efficiency, and improved
livelihood options [5,6]. However, exploring synergies and reducing trade-offs, social
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inequality, and access with respect to these resources should be part of the nexus challenge,
especially in the context of developing countries, where the well-being of local people is
closely interrelated with the availability of these resources [7-10]. One of the shortcomings
of existing nexus frameworks is that they generally ignore daily realities, priorities, and
needs at the local level [7].

While the role of women in water, energy, and food security is an essential component
of these challenges, gender dimensions remain invisible in the nexus debate. In many cases,
development and conservation efforts have been gender-blind and/or excluded women,
sometimes exacerbating gender inequalities [11]. For example, in Africa, people in most
countries are dependent on biomass and fuelwood for household energy needs, and the
collection and management of biomass and fuelwood is a gender-specific responsibility of
women [12]. Women in this region are also heavily involved in the full range of agricultural
production activities, which typically involve traditional technologies and both land and
labor-intensive practices [13,14]. The introduction of modern bioenergy technologies (i.e.,
improved household stoves) may reduce reliance on traditional biomass energy (including
corresponding reductions in individual workloads) while increasing energy efficiency in
the region. Nevertheless, the use of modern bioenergy technologies by households and
communities is uncommon in sub-Saharan Africa [15]. Ethiopia is one of the fastest-growing
economies in Africa, and yet, almost all rural area households depend on traditional fuels
(charcoal, fuel wood, dung cake) for cooking [16]. The Ethiopian Government has a high-
level plan and strategy to pursue agricultural-based industrialization in order to become a
middle-income nation in a sustainable, climate-compatible manner by 2025 [17,18]. Among
the strategies are to leapfrog from existing labor-intensive technologies to modern and
more energy-efficient technologies and to improve crop and livestock production practices
to increase food security and farming income [18]. These development plans highlight
major interface areas of the WEF security nexus.

Few studies have investigated the dynamic linkages between gender and WEF nexus
resources [3,19-21]. Hence, this study explores the nexus-related dynamics at the local
level and associated gender equity issues in the context of Ethiopia’s rural highlands. This
study attempts to address the research question of “How does the reallocation of labor
brought by modern energy options affect male-headed households and female-headed
households differently?”. Incorporating a gender perspective into WEF nexus-related
projects (particularly for the introduction of bioenergy alternatives in developing nations),
policy, and planning may help ensure their effectiveness. To do this, an agent-based model
(ABM) is applied as a tool to explore the interactions between social and ecological systems
within WEF security nexus scenarios. This study focused on food, energy, and land resource
linkages as opposed to a nexus concept involving water resources.

WEF Modeling Approach and Conceptual Framework

An agent-based model (ABM) is a computational modeling tool in which decision-
makers (agents) are explicitly represented, and their decisions generally affect their inter-
relationships with other agents and the environment in which they are placed [22]. Agent-
based models can incorporate details about human behavior, decisions, and interactions.
According to a recent review [23], the number of ABM applications to investigate the WEF
nexus dynamics has increased over the last decade. This is because ABM has the advantage
of exploring the effects of alternative scenarios as the result of interactions among individual
agents and informing the design of policy interventions to overcome diverse behavioral
barriers to transition to production/consumption patterns that maximize benefits across
WEEF systems [23]. Additionally, ABM has the advantage of treating the process of adopting
new technologies and diffusion of knowledge [24], making it a useful tool for applying a
complex systems lens to sustainable development problems [25], such as resource efficiency
and gender equality [26]. However, Magliocca [23] pointed out that the social dimensions
of WEF issues remain underdeveloped, and consideration of gender in this context is still
nascent [27].
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The concept of ecofeminism links gender, and more specifically feminism, with envi-
ronmental sustainability [28]. Proponents of ecofeminism argue that women have a distinct
relationship with nature than males by their biology (predominantly as actual or potential
child bearers) and that this closer “proximity to nature’” qualifies women to behave and
speak more eloquently on nature’s behalf [29]. Three aspects are central to ecofeminist
theory [30].

1. A greater percentage of global environmental problems affect women through tradi-
tional gender divisions of labor.

2. The dualistic structure (that women can be perceived as culturally and symbolically
connected to nature) continues to be reinforced by religion, philosophy, and other
(social) restrictions that value women as inferior to men.

3. The epistemological claim that women are more adversely affected by environmental
problems than men (i.e., that women’s workloads often increase relatively more than
men’s when natural resources are degraded) puts women in a critical position to
address anthropogenic problems concerning natural systems.

Drawing on the argument that women are closer to nature, ecofeminists were skeptical
of mechanistic, reductionist, and fragmented approaches to understanding the natural
world that result in the development and use of unsafe, harmful technologies that are
meant to conquer and subdue nature [31]. Meinzen-Dick et al. [28] viewed the ecofeminism
approach as a valid response to the tendency to overlook the importance of women’s roles
in managing natural resources. However, considering different gender roles and their
dependence on resources for livelihoods, as well as understanding the specific constraints
to the adoption of new practices or technologies, is fundamental to the development of
solutions that can help ensure resource use sustainability [28,32].

For this study, a conceptual framework was adopted that explicitly addresses gender-
specific roles and access to WEF nexus resources (Figure 1). This framework was based on
the Actors, Resources, Dynamics, and Interaction (ARDI) method [33], a participatory de-
velopment of a gendered mental model of the WEF nexus concept at the local level [20,34].
Using the ARDI approach, the conceptual framework represents the shared knowledge
of the stakeholders involved [35]. The framework recognizes gender-specific differences
in access to and the utilization of related nexus resources, including the nexus resource
management roles [20]. This framework was simplified and translated to ABM, where
agents are male- and female-headed farm households with respective decision-making
responsibilities. The dynamic sub-models (i.e., processes) are forest yield growth (i.e., gen-
eration of fuelwood for energy needs), livestock production (i.e., generation of dried cattle
dung (hereafter “dung cake”) as a source of energy and as fertilizer for crop production),
and agricultural yield dynamics (i.e., production of important crops such as teff, sorghum,
millet, and wheat) (Figure 1). All these dynamic processes are essential livelihood sources
for farm households. External factors that drive system dynamics are population growth,
market prices of major crops, and policy (e.g., related to land tenure).

Drawing on the ecofeminism sustainability approach [28] and the gendered mental
WEF nexus model, two hypotheses were tested using the ABM.

Hypothesis 1 (H1). Because of fuelwood scarcity, reallocating labor of female-headed households
from agricultural to other activities (e.g., fuelwood collection) will reduce the agricultural yield
available for households due to the traditional gender division of labor.

Regardless of gender, labor is a crucial crop production input, especially in rural
areas of Africa. Thus, it is assumed that the reallocation of labor from crop production to
fuelwood collection would reduce crop outputs (representing a trade-off). This premise also
assumes that as households increase labor input for fuelwood collection due to increased
scarcity of energy resources (fuelwood or dung cake) and, consequently, reduce labor inputs
for agriculture, the resulting shift contributes to forest degradation [36-38].
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Figure 1. Household-level conceptual model based on a participatory approach (modified from [20]).

Hypothesis 2 (H2). Access to modern energy sources (e.g., biogas), especially for female-headed
households, will improve their agricultural production, socio-economic status, and quality of life (by
reducing their workloads from fuelwood collection).

Rural women are particularly impoverished with respect to time because their avail-
able time is constrained by responsibilities related to energy production and household
chores [39]. Thus, increasing access to modern forms of bioenergy (e.g., biogas produced by
biomass digesters) can increase time availability for women and allow them to engage in
other productive activities (e.g., training and education), improve agricultural production
while reducing pressure on forest resources (fuelwood), as well as enhance their quality of
life. These two hypotheses using ABM simulation may provide insights into two of three
aspects of ecofeminist theory.

2. Materials and Methods
2.1. Case Study and Data

The rural highland of Ethiopia is the case study area. In sub-Saharan Africa, Ethiopia
is the second most populated country, with approximately 120 million inhabitants (in 2021).
The economy of Ethiopia has grown rapidly over the past 15 years, with a mean annual
rate of 9.5%, which has helped reduce poverty in both rural and urban areas. However,
the country remains one of the poorest in the world, and food security is a persistent
challenge [40].

Agricultural production is vital to the Ethiopian economy, contributing about 41% of
the GDP in 2015 [41]. The mean annual population growth over the 15 years between 2000
and 2016 was around 2.6% [40]. Consequently, the demand for water, energy, and food has
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been growing rapidly, magnifying trade-offs and externalities among associated resources.
Moreover, population growth, overgrazing, drought, social unrest, and land tenure policies
are perceived as the major drivers of WEF resource dynamics in Ethiopia [20,42]. Drought,
productivity declines, loss of wildlife, and land degradation are negative impacts resulting
from these drivers. Due to the extremely limited availability of arable land, cropland
expansion has caused further land degradation. Thus, farmers compensate for associated
problems by shifting to or integrating crop and livestock production. The study area
includes the regional states of Amhara and Oromia, where triangulation exercises were
conducted [20]. These regions constitute most of the Upper Nile Basin and are critical to
the management of land and water resources in the entire basin.

The main crops grown in the study areas are sorghum (Sorghum bicolor), maize (Zea
mays), teff (Eragrostis tef), wheat (Triticum durumy), and millet (Pennisetum glaucum) (Table 1).
There has been substantial growth in cereal production since 2000 in terms of area cultivated
and yields; however, yields remain low by international standards, and overall production
is highly susceptible to weather shocks, particularly drought [43]. Crop cultivation in
Ethiopia is limited to only 13% of the country. The most preferred crops are teff and wheat,
partly due to their relative profitability.

Table 1. Yields of the most common crops in Ethiopia (Source: Taffesse et al. [44]).

Crop National Mean Yield (t/ha) On-Farm Yield (t/ha)
Teff 1.17 -
Wheat 2.11 6.0-8.0
Sorghum 211 2.5-5.0
Maize 3.01 3.3
Millet 1.72 2.8-29

Land is commonly accessed by households based on inheritance or allocation by
local leaders or chieftains. There are also farmers who rent land or occupy land without
state permission. Livestock production is the dominant form of agricultural production
in Ethiopia, and cattle are the most important livestock. From 1995-1996 to 2012-2013,
the cattle population grew from 54.5 million to over 103.5 million, with a mean annual
increment of 3.4 million [45]. Cattle are the most highly valued livestock in the study areas,
although camels, goats, and sheep are abundant in some parts of the country [46]. The
mean number of cattle per household is 5.6 in the study areas. On average, cows produce
10 calves during their lifetime. In the southern districts of Oromia, the mean number of
cattle per household is 21.1 (+15.5), whereas, in other districts, household cattle herds range
between 11 to 26 head [46]. Mean household cattle herd size in the country is decreasing,
primarily due to the reduction of available grazing land resulting from cropland expansion.
Drought and the lack of feed and water during the dry season are the main constraints on
livestock production in the study areas. The dominant feed resources for cattle are natural
grasslands, which exhibit considerable seasonal variation in forage availability and quality
based on rainfall fluctuations [46]. The availability of water is better in areas where there
are traditional wells and where there have been water development projects. Water sources
include wells (elas), ponds, and boreholes.

Biogas is an alternative energy resource in rural Ethiopia. It is considered a means of
negating the disproportionate use of available traditional sources of firewood, cattle dung,
agricultural residues, and charcoal [47,48]. There are two household-scale biogas digesters
being promoted by the National Biogas Programme Ethiopia (NBPE) in the rural areas of
the country, a 4 m® and a 6 m® model. The advantages of using biogas relative to traditional
biomass energy use include the following;:

e  Half of the time typically used for collecting fuelwood can be saved through biogas
use [48], suggesting that households can save about 1 h per day of adult labor time
with biogas;
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e The 4 m3 and 6 m® biogas digester models can potentially replace up to 2208 kg and
3319 kg of firewood per year, respectively;

e The 4 m3 and 6 m® biogas digester models can potentially replace up to 6015 kg and
9021 kg of dung cake per year, respectively;

e  Relative to the use of fuelwood for baking injera (a staple food item), the use of biogas
stoves reduces energy consumption by up to 50%.

2.1.1. Data Sources

Secondary data from the 2013/2014 Ethiopian Socioeconomic Survey conducted by the
Central Statistics Agency of Ethiopia and the World Bank [49] were used to parameterize
the gendered nexus ABM (Gen-ABM). The objective of the survey was to collect multi-
panel household-level data with a focus on improving agricultural statistics and linkages
between crop agriculture and other household income-generating activities (e.g., livestock
production). The data cover all regional states and the capital, Addis Ababa. The survey
included questions about household agricultural activities and other economic activities,
human capital, access to services, and access to resources (e.g., energy). Data on water
availability and consumption were not available. Of the 3744 total survey respondents,
74% (2700) corresponded to male-headed households and 26% (974) to female-headed
households (see Annex S1 for descriptive statistics). The data were used to parameterize
the model and compare gender differences in terms of household heads and household
membership with respect to labor allocation and farm activities. The secondary data
were analyzed using the statistical software STATA 17 [50]. Furthermore, the results of
the six gender-disaggregated focus group discussions (FGDs) were also utilized, which
involved 56 participants (divided evenly between female- and male-only groups) from
three villages (two in Amhara and one in Oromia) conducted from August to December
2016 [20]. The conceptual framework in Figure 1 is one of the key results of the FDGs. The
FGDs were useful for identifying gender-specific roles and related daily activities, as well
as for triangulation and validation purposes (see Section 2.5 Validation).

2.2. Model

The purpose of the Gen-ABM is to identify areas where trade-offs and synergies exist
in the food—energy-land nexus system in response to the specific decisions of male- and
female-headed households. The description of the model follows the ‘Overview, Design
concept, and Details plus Decision” (ODD + D) protocol. The model was programmed
in NetLogo version 6.0 (http://ccl.northwestern.edu/netlogo/ (accessed on 19 February
2019)).

2.2.1. Overview

Agents, state, variables, and scales: There are two types of agents in the model. Human
agents are representations of individual farm households with social, natural, physical,
human, and policy access (i.e., bioenergy interventions) state variables. The initial number
of household agents simulated is 3744, of which 26% are female-headed households, and the
rest are male-headed, according to CSA-LSMS-WB [49]. Landscape agents (i.e., congruent
land patches) have state variables based on secondary data. The landscape agents are
composed of a stylized environment developed in the NetLogo interface. Individual land
patches represent 50 m x 50 m (2500 m?) plots, and the entire model landscape represents
27,722 ha. The indicator variables for observing system interactions are crop yields and
fuelwood and dung cake availability.

Process overview and scheduling: Each simulation time step represents one year. The
main simulation loop (an annual production cycle) includes the following steps: (1) setting-
up initial state of system variables, (2) updating agent and patch attributes, (3) adopting
behavioral parameters (e.g., labor allocation), (4) making household energy choices, (5)
making household soil fertility choices, (6) making household farming choices, (7) up-
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dating changes in agent and patch attributes, (8) creating new agents, and (9) translating
annual changes.

2.2.2. Detail

Dung productivity: The data and parameters used for cattle dung production are
summarized in Table 2. A livestock model was parameterized based on the secondary data
(see Section 2.1.1). The model assumes a linear relationship with a population growth rate
from FAOSTAT [51]. In this study, the cattle were the only focus.

Table 2. Sub-model parameter values for cattle dung and fertilizer.

Variable Estimated Mean Source

Cattle dung production: Haileslassie et al. [52]

Cattle (kg/day/TLU ?) 3.3

Nutrient content of cattle dung:

Nitrogen (g N/kg) 18.3 Lupwayi et al. [53]
Phosphorus (g P/kg) 4.5 Haileslassie et al. [54]
Potassium (g K/kg) 21.3

Organic fertilizer content:

Nitrogen (g N/kg/year) 154 . .
Phosphorus (g P/kg/year) 37 Haileslassie et al. [52]
Potassium (g K/kg/year) 179

Cattle dung (kg):

Diammoniumphosphate (DAP) (kg) 1 Gwavuya etal. [48]

Note:  Tropical livestock units (TLUs) were estimated using a conversion factor of 0.79 /head for cattle.

Forest growth: The Gen-ABM model adopted the forest growth functions using the
calculations made by Pukkala and Pohjonen [55,56] for Eucalyptus globulus Labill. in the
central highlands of Ethiopia. Calculations are based on short rotation management (using
a coppicing technique) without thinning treatments. The prediction variables included
stem volume, biomass yield, and age [55]. Thirty percent is the default forest cover value
used for the stylized landscape.

Agricultural yield: The logarithmic Cobb-Douglas production function [57] was used to
calculate crop production (Table 3). The specific gender and crop data for each household
head were used for the production function. Time spent for crop production by males
and females is specified in each sub-model, suggesting that the type of crop produced
is also gender specific. Thus, it was also expected that the resulting yields would be
gender specific.

2.2.3. Design Concept

Some model components (i.e., stochasticity) were adopted from the existing gender
ABM in Villamor and van Noordwijk [27] and Villamor et al. [26]. Household agents are
considered bounded rational in the sense that they do not have global information and they
do not have infinite computational power [58]. In terms of individual decision-making, the
model follows the guiding questions developed by Miiller et al. [59] (Table 4).
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Table 3. Agricultural yield sub-models and parameters of the Gen-ABM.

Explanatory Variable Parameter
Model Description
Variable Initial Value Parameter Default Values
Yield—teff Farm plot area (m?) . .-
Extended Cobb-Douglas yield Agro-chemical input (kg/ m?2/ year) g:zgi Egggﬁgiﬂ: 8;32
function of teff (kg/m?/year) Time spent by females (h/m?/year) ~ CSA-LSMS-WB [49] Elastic coefficient _(') 190
(R? = 040; Time spent by males Elastic coefficient 0 167
p < 0.000) (h/m?/year) '
Yield—millet . .

. Farm plot area (m? Elastic coefficient 0.874
ﬁf:zﬁgidofcgﬁﬁgaiu%l;;}/Ileé:r) Agro—ghemical gnp1)1t (kg/ m2/ year) CSA-LSMS-WB [49] Elastic coefficient 0.091
(R? = 0.38; & y Time spent by males (h/m?/year) Elastic coefficient 0.199

=0.38; . 5 . . N
p < 0.000) Time spent by females (h/m*/year) Elastic coefficient 0.017
Yield—wheat
Extended Cobb-Douglas yield Farm plot area (m?) Elastic coefficient 0.584
function of wheat (kg/m?/year) Agro-chemical input (kg/m? /year) CSA-LSMS-WB [49]  Elastic coefficient 0.252
(R% = 0.54; Time spent by females (h/ m2/ year) Elastic coefficient 0.069
p < 0.000)
Yield—sorghum
Extended Cobb-Douglas yield F lot (m?) Elastic coefficient 0.589
function of wheat (kg/ m?/ year) arm protarea tm 5 CSA-LSMS-WB [49]  Elastic coefficient ’
(R? = 0.44; Agro-chemical input (kg/m*/year) 0.219
p <0.01)

Table 4. Decisions protocol description of the gendered nexus-ABM (Gen-ABM).

Guiding Questions

Gendered Nexus-ABM

What are the subjects and objects of the decision-making? On
which level of aggregation is decision-making modeled? Are
multiple levels of decision-making included?

Two types of subjects are (1) male and (2) female household
heads, who decide on the household energy source and
fertilizer use on their farms; farm plots and livestock are objects;
decisions made at the higher level (scenario) affect the decisions
made at the lower level; no multiple levels included

What is the basic rationale behind agent decision-making in the
model? Do agents pursue an explicit objective or have other
success criteria?

This model follows bounded rationality (or condition-based)
with limited information; there is no explicit objective

How do agents make their decisions?

The agents make decisions about whether or not to purchase or
harvest crops (from the field) by calculating probabilities
(Tables 5 and 6, respectively); preference coefficients were
derived from regression analyses and integrated as decision

algorithms

Do the agents adapt their behavior to changing endogenous and
exogenous state variables? And if yes, how?

Yes, via the update-status sub-model as part of the process

overview and scheduling

Do social norms or cultural values have a role in the
decision-making process?

Yes, social norms are important

Do temporal aspects have a role in the decision-making process?

Yes

To what extent and how is uncertainty included in agent
decision rules?

Uncertainty is included in the calculation of the choice for
energy and fertilizer use (in the form of standard deviation)

Energy source choice: The use of energy by households can be categorized into two
major purposes: for household illumination and for cooking. Household energy use
changes according to seasons (winter and summer). For model simplification, the study
focused exclusively on energy use for cooking because households cook throughout the
year, and household members spend relatively more time collecting energy resources for
cooking [37,60]. The most significant portion (77%) of household energy is sourced by
collecting fuelwood, followed by purchasing fuelwood (9%), collecting dung cake (5%),
and collecting crop residues (3%).
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In terms of gender differences between household heads, there were differences in the
use of kerosene and fuelwood. Almost 50% more male-headed households than female
headed-households used kerosene, whereas almost 50% more female-headed households
than male-headed households used fuelwood. The factors affecting household energy
choices are summarized in Table 5.

Table 5. Bi-logit model estimation of willingness to purchase fuel by households (1 = 2612).

Variable Coefficient () 95% Confidence Interval

(constant) —2.135 *** -2.534 -1.737
Labor availability (# of man-days) 0.286 *** 0.169 0.401
Household total time spent harvesting (hours) —0.001 *** -0.002 —-0.001
Time spent on agriculture by male household 0,025 *** 0,034 ~0016
members (hours)

Number of cattle (#) —0.164 *** -0.223 -0.105
Value of assets (USD/year) 0.001 ** 0.999 1.000

Note: Likelihood ratio test (chi-square statistics) = 182.26; Pseudo R? = 0.1402; ** p < 0.01, *** p < 0.001.

A behavioral rule for shifting from a traditional energy resource (e.g., fuelwood and
dung cake) to a renewable energy technology was developed. Based on FGD, the adoption
of biogas by households depends on the number of cattle and labor availability, which is
consistent with Table 5 and previous studies [61].

The two biogas digester models being promoted by NBPE (as previously described)
were adapted as follows using a production rule-based approach (i.e., if [conditions]; then
[execution]) based on FGD results and previous study of Berhe et al. [57]:

e If a household does not have enough labor for fuelwood or cattle dung collection, but
has a minimum of four cattle and does not want to purchase kerosene; then install a
4 m3 biogas digester;

e If a household does not have enough labor for fuelwood or cattle dung collection, but
has a minimum of five cattle and does not want to purchase kerosene; then install a
6 m? biogas digester.

Fertilizer choice: Household agents have the choice to apply either chemical fertilizer
or cattle manure. The factors affecting individual farmer decisions are presented in Table 6.

Table 6. Bi-logit model estimation of willingness to use chemical fertilizer (n = 2612).

Variable Coefficient (B) 95% Confidence Interval
(constant) —0.651 *** -0.863 -0.439
Maize yield (kg) 0.001 *** 0.002 0.003
Teff yield (kg) 0.002 *** 0.002 0.003
Wheat yield (kg) 0.004 *** 0.002 0.004
Millet yield (kg) 0.002 *** 0.001 0.002
Barley yield (kg) 0.002 *** 0.001 0.002
Household farm area (m?2) 0.001 ** 0.000 0.001
Number of cattle (#) —0.036 *** -0.061 -0.012
Number of cattle lost (mortality) (#) —0.168 *** -0.289 -0.048
Total household time spent on harvest (hours) 0.001 *** 0.0004 0.0008
Labor availability (# of man-days) -0.096 *** -0.167 -0.024
Value of assets (USD/year) -0.651 ** -0.863 -0.439

Note: Likelihood ratio test (chi-square statistics) = 631.17; Pseudo R? = 0.1744; ** p < 0.01, *** p < 0.001.

2.3. Scenarios

Since population growth is a major external stress on food—energy—land nexus re-
sources [62], population growth and household labor allocation were used as parameters
for the scenarios. The population growth rate of 2.5%, as reported by the World Bank [63],
was used as the default value. For the household labor allocation scenario, the default labor
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combination was 40% of labor allocated for fuelwood collection, 40% of labor allocated for
crop production, and 20% of labor allocated for water collection (40%—40%-20%) based
on the sex-disaggregated FGD results [20,64]. Nevertheless, labor allocation varies for
each household agent because the labor availability of each agent depends on the number
of adult males and females as well as the number of hours (and then translated to the
number of days) spent on the production of each crop. Furthermore, there are crops that
are gender specific according to preferences (see Annex S4). The following labor allocation
distributions with associated population growth scenarios in the simulations are tested.

(1) Population growth rate of 5% (high):

o (5%) 40-40-20 = with 40% of household labor for energy resource collection, 40%
for crop production, and 20% for water collection;

o (5%) 30-50-20 = with 30% of household labor for energy resource collection, 50%
for crop production, and 20% for water collection;

o (5%) 20-60-20 = with 20% of household labor for energy resource collection, 60%
for crop production, and 20% for water collection.

(2) Population growth rate of 2.5% (normal, based on the 2016 growth rate):

o (2.5%) 40-40-20 = with 40% of household labor for energy resource collection,
40% for crop production, and 20% for water collection;

o (2.5%) 30-50-20 = with 30% of household labor for energy resource collection,
50% for crop production, and 20% for water collection;

o (2.5%) 20-60-20 = with 20% of household labor for energy resource collection,
60% for crop production, and 20% for water collection.

(3) Population growth rate of 1.0% (low):

o (1%) 40-40-20 = with 40% of household labor for energy resource collection, 40%
for crop production, and 20% for water collection;

o (1%) 30-50-20 = with 30% of household labor for energy resource collection, 50%
for crop production, and 20% for water collection;

o (1%) 20-60-20 = with 20% of household labor for energy resource collection, 60%
for crop production, and 20% for water collection.

2.4. Run Set Up Summary

A total of three simulation runs were performed independently for each scenario. In
each simulated scenario, the mean parameter values were considered. Each simulation run
consisted of annual time steps over five years. Among the indicators used to assess the
simulation results were effects on forestry yields in response to the agent’s use of fertilizer
and energy use (as an overall resource use pattern). For specific gender differences, crop
yields, amounts of dung cake and fuelwood collected, and the type of fertilizer applied
were compared.

2.5. Validation

Since the traditional empirical validation techniques are difficult to apply in ABM that
represents a socio-ecological system [65], a stakeholder-centric validation was carried out,
in which a conceptual framework was co-designed by actual stakeholders. According to
Saam [35], stakeholders’ judgments are an indispensable point of reference for validation.
Once the conceptual model was co-developed [20,64], it was translated to ABM. The
parameters used for the ABM, including the initial simulation results, were presented
in one of the villages in Oromia during two gender-disaggregated FGDs conducted on
18-19 July 2017. The discussions revolved around (1) willingness to adopt biogas digesters,
(2) how male and female household members use their time for different farming and
livelihood activities, (3) planting of eucalyptus trees and associated fuelwood yields, and
(4) crop yields. For detailed information about the co-development of the gendered mental
model, see Villamor et al. [20].
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3. Results
3.1. Overall Resource Use Pattern and Bioenergy Adoption

The general simulation results are presented in Figure 2. As expected, the predicted
total number of logged forestry (or ‘tree’) patches was higher under the high population
growth scenario (Figure 2a) due to the dependency of most of the population on fuelwood
as their primary household energy source. There was little difference in the predicted
number of logged tree patches under the normal and low population growth rates, as well
as under different labor allocation percentages.
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Figure 2. Patterns of logged tree patches (a), tree volume per hectare (b), number of households using
organic (cattle dung) and chemical fertilizers (c), and mean amount of cattle dung collected (d) per
household under different labor allocations and population growth scenarios.

Tree volume per hectare under the high population growth scenario was consistently
predicted to have a decreasing trend, whereas there was an increasing trend under pop-
ulation growth scenarios of 2.5% and 1.0% (Figure 2b). There were no differences in tree
volume among all three labor allocations under different population growth scenarios. In
terms of cattle dung collection (Figure 2c), both the 2.5% and 1% population growth rate
scenarios had a similar increasing pattern. In contrast, under the high population growth
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rate, the mean amount of cattle dung collected per household was predicted to decrease.
There were only slight differences in predicted cattle dung collection among the different
labor allocations, particularly under the high population growth scenario.

There was an increasing trend of cattle manure and chemical fertilizer use (Figure 2c).
Although initially, there was a sharp decrease in the predicted number of households using
chemical fertilizers, an increase was predicted after year two. Furthermore, there were no
differences among the different labor allocations regarding the predicted use of cattle dung
and chemical fertilizer. However, there was a greater number of households that applied
manure than chemical fertilizer (Figure 2d).

In terms of the predicted adoption or installation of alternative bioenergy options,
relatively few households shifted from traditional energy options (Figure 3), and most of
those who adopted were male-headed households. The FGD results support this predicted
ABM result. Accordingly, males, in general, have more access to external actors and, thus,
have a greater awareness of energy alternatives than their female counterparts [64]. The
highest number of households with biogas and a slightly increasing trend as labor allocated
for energy decreased was predicted under the high population growth scenario (Figure 3b).

35 @) 35 {6)
) 30 7 30 Population
% 25 4 25 growth rate
= .
3 20 - 20 scer;::o
- o
o

15 15
= m2.5%
C 10 10
* 1%

5 5 —
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Labor allocation scenario Labor allocation scenario

Figure 3. Adoption of biogas (a) and other bioenergy alternatives (b) under different labor allocations
and population growth scenarios.

However, based on the validation exercise (see Section 2.5), some key stakeholders
expressed their unwillingness to adopt or continue using biogas technology due to the
additional work required to collect the water needed for the operation of the biogas
digesters, which is mainly performed by female household members, as well as to mix the
feedstock and water, which requires about 30 min each day. Furthermore, the inability to
pay for the initial investment costs was identified as a factor preventing most households
from adopting biogas technology.

3.2. Gender-Specific Differences
3.2.1. Energy Sources

More female-headed households were predicted to collect cattle dung than male-
headed households by almost 20% (Figure 4a). Under scenarios of labor allocation compo-
sitions, no substantial differences in cattle dung collection were observed between gender.
In contrast, the mean amount of cattle dung used per household was much greater in
male-headed households than in their female-headed counterparts (Figure 4b). The rela-
tively lower amount of cattle dung in female-headed households may be attributable to
the projected number of livestock they owned (Annex S2). Male-headed households were
predicted to have more cattle (5.26 TLU) than female-headed households (3.66 TLU).
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Figure 4. Percentages of households collecting cattle dung (a) and mean amounts of cattle dung
collected (b) according to the gender of household heads by labor allocation under normal population
growth (2.5%).

3.2.2. Crop Yields

Gender-specific differences were evident in household crop yields (Figure 5). As
expected, male-headed households were predicted to produce more crops than female-
headed households under all scenarios, with substantially greater yield differences in
sorghum (Figure 5b) and millet (Figure 5c). The crop with the greatest production by
both genders was wheat (Figure 5d). Our simulated yields were comparable to national
averages reported by Taffesse et al. [44] but lower than on-farm averages (Table 2). These
latter relationships may be attributable to less application of fertilizers. Crop yields were
responsive to the amount of labor allocated to crop production by households. There was
no substantial difference predicted between 50% and 60% of household labor allocation for
crop production among crops and genders, except for sorghum produced by female-headed
households (Figure 5). The simulated results suggest that crop yields of female-headed
households, particularly of teff and wheat, could be comparable to (or even exceed) yields
of male-headed households under a 40-40-20 labor allocation if labor allocated to energy
collection is shifted to crop production by 10%.

3.2.3. Land Fertility: Fertilizer Use

The predicted percentages of households that applied cattle manure and chemical
fertilizer are presented in Figure 6. A gradual increase in the use of manure was predicted
for both household types (Figure 6a), as well as a gradual decrease in the use of chemical
fertilizers (Figure 6b). More female-headed households were predicted to use manure
relative to male-headed households, and less used chemical fertilizer relative to male-
headed households (Figure 6a,b).
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Figure 5. Average annual crop yields for teff (a), sorghum (b), millet (c), and wheat (d) by gender of
household head under different labor allocations and normal population growth (2.5%).
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Figure 6. Annual percentages of households that applied manure (a) and chemical fertilizer (b) by
gender of household head under different labor allocations and normal population growth (2.5%).
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4. Discussion
4.1. How Does the Reallocation of Labor Brought by Modern Energy Options Affect Male-Headed
and Female-Headed Households Differently?

Based on the simulation results, there was a low adoption of biogas from household
agents. The majority of households that did were male-headed households. This result is
consistent with the findings of Berhe et al. [61] in the Tigray region of northern Ethiopia,
where the majority of households continue to depend on traditional energy sources. The
findings of Mengistu et al. [66], also in northern Ethiopia, were consistent with our find-
ings that male-headed households were more likely to adopt biogas than female-headed
households. One possible factor contributing to this trend is that male-headed households
have more access to external actors that promote energy technologies [20]. In contrast,
Berhe et al. [61] and Kabir et al. [67] (in Bangladesh) found that female-headed households
were more likely to adopt or have a positive association with the decision to adopt biogas
energy use. These differences may be attributable to the different methods (e.g., econo-
metric models) used, contextual differences among study areas, as well as available data.
The low adoption of new rural energy sources suggests a further increase on reliance on
traditional energy sources (particularly on forests, residues from agricultural areas, and
from animal wastes).

With respect to whether to accept or reject Hypothesis 1 (H1: Because of fuelwood
scarcity, reallocating labor of female-headed households from agricultural to other activities
(e.g., fuelwood collection) will reduce the agricultural yield available for households due
to traditional gender division of labor), there are two relevant aspects of the model results.
The reallocation of labor from agriculture to fuelwood collection would be expected to
result in a reduction of crop yields, specifically by reducing agricultural labor by 20%.
In this aspect, H1 is accepted. However, a 10% difference did not have much effect on
crop yields for either gender, with the exceptions of sorghum yields for female-headed
households (Figure 5b) and millet yields for male-headed households after year five when
millet yields were almost equal (Figure 5¢). These findings suggest that labor differences
by gender affect yields as well as the specific crop types. The reallocation of labor from
agriculture to fuelwood collection may have a negative impact on forest productivity. In
contrast, variation of labor allocation to crop production (Figure 2) would have little effect
on forestry productivity.

Regarding Hypothesis 2 (H2: Access to modern energy sources (e.g., biogas), especially
for female-headed households, will improve their agricultural production, socio-economic
status, and quality of life (by reducing their workloads from fuelwood collection)), the
introduction of technology to improve energy efficiency or alternative bioenergy use could
potentially increase the household time available to engage in other productive activities.
In this case, alternative energy is associated with an increase in food production (Figure 5);
thus, H2 is accepted. However, whether this introduction will lead to greater leisure
time (or quality of life) for women remains unanswered due to the low adoption. It
should be noted that even with an alternative energy source intervention, such as biogas
or kerosene subsidies, households are predicted to remain dependent on fuelwood and
dung cake, which is consistent with the findings of Berhe et al. [61] that the majority
of rural households continue to depend upon traditional energy sources despite biogas
digester adoption. Whereas female-operated farms have less access to chemical fertilizers,
as observed by Croppenstedt et al. [68], which may suggest that they use the available time
to collect dung cake for fertilizer or household energy use.

4.2. Trade-Offs in Food—Energy—Land Nexus

Within the concept of WEF nexus trade-offs, the improvement or development of
one sector (e.g., energy sector) is expected to have a deleterious effect on the resources
available to the other two sectors. For the Ethiopian case, trade-offs would be expected due
to competition for land between bioenergy and food production. To mitigate this trade-off,
the introduction of modern bioenergy alternatives was seen as a potential intervention
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that could promote synergies among nexus resources, alleviate poverty [69], “decarbonize”
energy production [70], and enhance soil fertility. However, the results of this study would
suggest that most of the households would remain dependent on traditional energy sources,
suggesting that these aims are unlikely to be realized based on the performance of existing
interventions in the study areas. Furthermore, the scenario of population increase was
associated with a substantial decrease in tree volume, suggesting further forest degradation.
According to Guta [71], heavy reliance on biomass resources for household energy in
Ethiopia is largely attributable to the lack of access to bioenergy alternatives, deep-rooted
poverty, and limited willingness to make technological transitions. The gender-specific
roles of household members and gender-specific preferences regarding energy options may
contribute to these already skewed energy relationships to other WEF nexus resources.

Gender-specific roles may also be important considerations among households that
have adopted small-scale biogas digesters. It was observed that the availability of women'’s
labor did not change significantly with the adoption of biogas because their work responsi-
bilities merely shifted to collecting water needed to operate the digesters [20]. According to
one study in Ethiopia, in order to operate a biogas digester efficiently, the time required
to access water should be no more than 30 min [72], which may result in more time spent
collecting water [73], burdening further the women in the households who are responsible
for fetching and transporting water. Trade-offs may arise between efficiency (in resource
use) and social equity, especially in developing areas where gender-specific roles are part
of the social norm. While most of the WEF nexus literature has focused on resource-use
efficiency [74], labor differences between male and female household members can be an
indicator of resource efficiency. Therefore, gender-based labor productivity comparisons
are suggested for future investigation.

4.3. Post-Simulation Focus Groups (Validation)

The FGD participants agreed with the key results of the ABM simulation and further
provided contexts to support the results. For example, in the male-only focus group, the
participants expressed their strong interest and willingness to adopt biogas. However, they
also identified the two major barriers to adoption: (1) lack of financial capital to cover the
cost of installation and (2) shortage of dung and water needed for the biogas plant. Male
participants estimated that about 1 to 2 h per day is needed to collect water for the biogas
operation. According to their experience, men are responsible for collecting water, whereas
women are mostly responsible for collecting dung, mixing it with water, and feeding it
into the biogas plant. They also agreed with the ABM result on fertilizer; accordingly, they
estimated a decline of about 100 kg of use of chemical fertilizer as compared to the previous
year when they used compost (derived from animal dung). In terms of crop yields, the
estimated yields (particularly teff and wheat) are comparable with the results from ABM.

In the female-only focus group, the female participants also expressed strong interest
and even described the many benefits of biogas (e.g., smokeless, clean, convenient to
use, and a good substitute for kerosene). Regarding the barriers to adoption, they shared
similarities with their male counterparts, with an additional barrier identified that biogas
is laborious to install. They further described the tasks that women needed to perform
to operate the biogas every day, such as 10 min to 1 h to collect water, 10 min to collect
cattle dung, and 1 to 2 h for mixing dung and water before feeding into the biogas plant. In
terms of fertilizer, the participants indicated that if they use biogas, they must buy chemical
fertilizer to grow their crops. In terms of crop yields, the female participants were not able
to estimate since harvesting is usually men’s role.

4.4. Limitations and Further Modeling Improvements

Water use is an important component of the WEF nexus; however, in this study, the
importance of water is limited because most farm households are engaged in rain-fed
agriculture. Thus, available data on water resources (i.e., consumption and availability)
were inadequate (See Section 2.1.1).
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Despite the limited available data to parameterize the female and male farmers’
decision-making, the simulation results provide an initial step to understanding the po-
tential implications of the gender-specific differences (also within the households) on the
food-energy-land nexus. However, there is always room for improvement, such as mak-
ing the Gen-ABM more spatially explicit, parameterization of human decisions on water
resources (i.e., non-rational behavioral theories), testing economic and climate change-
related scenarios, etc. Nevertheless, this study is a first step to making gender studies
more dynamic and coupled with agroecosystems [28] and process-based, whereas the
food—energy-land nexus is a bottom-up approach.

5. Summary and Conclusions

This paper investigates the gender dimensions of the food—-energy-land nexus in rural
Ethiopia using an agent-based model that was translated from a co-designed conceptual
framework of the food—energy-land nexus. The ABM integrated two key decision-making
processes by female-headed and male-headed households: energy and agricultural produc-
tion (e.g., fertilizer choices and crop production scenarios), designed to simulate changes
that are likely to affect food—energy-land nexus-related trade-offs. The results show that
gender can affect food—-energy—land nexus outcomes and that future development and
technological changes will be influenced by such heterogeneous decision-making. Future
trade-offs between energy resource production and forestry conditions are likely to be
influenced by both population growth as well as the tendency of female-headed households
to rely on the collection and utilization of fuelwood. Deforestation rates might increase if
population growth rates increase. Biogas might be an option for mitigating the trade-offs
associated with fuelwood collection and agricultural production, yet only a few households
were predicted to adopt this energy alternative, and male-headed households were more
likely to do so than female-headed households. The reallocation of labor from agriculture
to other activities is likely to have negative impacts on agricultural production and, thus,
adversely affect the food security of rural populations. Gender-specific labor allocation
differences may be as important as specific differences in crop selection and other agri-
cultural activities in terms of determining trade-off outcomes. Accordingly, promoting
agricultural production development might increase rural employment and lead to the
adoption of modern energy sources, reducing labor allocation for fuelwood and (cattle)
dung cake collection. A similar pattern is expected if households adopt modern energy
sources. Policy and other interventions that address food—energy-land nexus issues in
rural areas should consider gender-specific decision-making to anticipate how these dif-
ferences may influence related outcomes. For future research efforts, it will be important
to identify how gender-specific differences among rural households can be addressed in
policies designed to mitigate WEF nexus trade-offs.
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