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Abstract On smallholder farms in Ethiopia, livestock
manure and organic residues are traditionally removed
from fields for construction, feed, and fuel purposes,
while the remainder stays in the field as feed or fertilizer.
Burning and removing organic matter without replacing
it leads to valuable losses of on-farm nutrients and soil
carbon, which could otherwise be used to fertilize crops.
Instead, resources need to be used efficiently by reduc-
ing and recycling organic residues and forming a closed
production system. Competition between applications
can be eliminated by bio-methanation using a
biodigester. There, organic residues are transformed to
biogas utilized for light and cooking and bioslurry, a
nutritious organic fertilizer and source of organic matter.
Through capturing nutrients in agricultural by-products,
nutrients become available to the food system again.
Literature review has been supplemented with empirical
evidence from a study carried out in the central Ethio-
pian Highlands on 47 smallholder farms, to provide a
baseline for further improvements on the management
of biogas technology. The study identifies a series of
inadequate handling practices and thus a significant
potential to optimize the farming system around a
biodigester. It is recommended to include forage le-
gumes in the farm system to enhance on-farm available
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nutrients that can be recycled through a biodigester. It is
further necessary to involve the private sector in
biodigester programs, to improve local availability of
materials, which are suitable to the local culture and
traditions. Space for knowledge exchange between
farmers and advisors like demonstration farms can fur-
ther improve bioslurry management. Although chal-
lenges remain, the integration of a biodigester should
be encouraged as it fulfills the production of energy and
a nutritious and economic fertilizer without additional
resources, resulting in a win-win situation for the
farmer.

Keywords Rural Ethiopia - Biodigester - Nutrient
cycling - Organic agriculture - Landless food

Introduction

With an increasing population and decreasing availabil-
ity of agricultural land, pressure on resources required
for crop production is growing (Rahmann et al. 2019).
To cover food demand for the rising population with
limited resources, organic matter residue losses should
be avoided and biomass and its nutrients recycled
(Smith et al. 2014). The current situation on smallholder
farms in Ethiopia shows that valuable nutrients and
organic matter are often lost from farms, as organic
residues are removed for fuel, feed, and construction
purposes which could otherwise be used to fertilize
crops. As a result, soils are largely degraded and their
organic matter content low (Hailu et al. 2015). To
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sustain soil productivity, accessible fertilizers to farmers
are required (Rahmann et al. 2019). Although chemical
fertilizers can be applied to replace nutrients removed
from harvested crops, it is expensive to administer,
requires fossil fuels, reduces the pH value in often
already acidic soils, and is harmful to the environment,
due to a lack of knowledge and adapted application
technologies. As a consequence, the optimization of
the endogenous potential of smallholder farms to recy-
cle farm internal nutrients is a priority.

The competition between using organic resources for
fuel or fertilizer can efficiently be eliminated by the
implementation of a small-scale biodigester, which
transforms organic matter to biogas utilized for light
and cooking and bioslurry, a nutritious organic fertilizer
and source of organic matter. As a biodigester uses on-
farm resources to cover household energy and fertilizer
demand, a biodigester contributes towards closing the
farm nutrient cycle and thereby reducing demand for
off-farm inputs (Fig. 1). If quality fertilizer like bioslurry
is available, limited access, transportation barriers, and
unaffordability to alternative industrial fertilizers would
be less of a problem.

The main objective of this paper is to evaluate the
performance of biodigesters and its impact on farm
nutrient flows by analyzing the management of liquid
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bioslurry, bioslurry compost, and biogas. For that, we
made a brief analysis to narrow down the key challenges
and solutions of a biogas system. In this study, data from
two different sources are used: literature and output of a
survey conducted in the Arsi zone in the central Ethio-
pian Highlands. During this field study, 47 semi-
structured interviews with farmers were carried out in
late 2017.

Functioning of a household biodigester
Suitable substrates

During anaerobic digestion, organic matter is decomposed
in an oxygen-deprived environment and converted to bio-
gas and bioslurry (Vogeli et al. 2014). Suitable substrates
can originate from a variety of organic sources, including
animal manure, human feces, and crop residues. Each
source yields different levels of biogas and quality of
bioslurry, depending on carbon and nutrient contents
(Smith et al. 2014). A common substrate used in Ethiopia
is cow manure as it is abundantly available. Also, there is
high potential to use other types of organic material like
vegetable waste and manure from remaining livestock as a
substrate. Such co-digestion of food waste with cow dung
or substrate with a low carbon content can improve process
stability and biogas production (Gashaw and Teshita 2014).

Human feces enter a biodigester through a connected
latrine, allowing to produce energy and a fertilizer from
an otherwise wasted resource. Compared with modern
toilets, bio-latrines do not need water to flush and hence
can be installed in water-scarce environments (Amruta
and Sarah 2013). There are however risks associated with
pathogens present in bioslurry originating from human
excreta. While pathogens exponentially die-off with in-
creasing temperatures, it is unlikely that pathogens are
persistently removed (Avery et al. 2014; Bonten et al.
2014). In environments where the retention time is hard
to control, it is not recommended to apply bioslurry to
fresh crops like salads, but preferably to trees.

Products of anaerobic digestion
Biogas for energy
Biogas consists of methane (50-75%), carbon dioxide

(25-50%), and, depending on the substrate, traces of
water vapor, oxygen, and sulfur (Wellinger et al. 2013).
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The methane content in biogas is the most important, as
at least 45% of methane is needed for biogas to be
flammable (Deublein and Steinhauser 2011).

In Ethiopia, biogas is primarily used for light and
cooking. Biogas lamps are particularly useful for house-
holds that have no or unreliable access to electricity or to
alternative sources for light, like solar or kerosene
lamps, as these often show greater light efficiency
(Kossmann et al. 2011). The use of biogas for cooking
can potentially replace the traditional fuel sources wood,
manure, and charcoal, thereby supporting the circulation
of on-farm nutrients, reduction of indoor smoke, and
pressure on local forests. This potential can best be
shown with a calculation. With a daily manure produc-
tion of 10 kg per cow, 400 1 of biogas can be produced
(IRENA 2016; Kossmann et al. 1999). This is sufficient
to use a household burner with an average gas consump-
tion of 325 I/h for approximately 1 h or a biogas lamp
with an average gas consumption of 135 I/h for approx-
imately 3 h (Kossmann et al. 1999). With 1-kg firewood
corresponding to 200 1 of biogas, one cow can therefore
replace 2 kg of firewood per day if all manure is col-
lected and used as input for the biodigester (Kossmann
et al. 2011). On a larger scale, replacing biomass based
fuels with biogas for cooking reduces carbon dioxide
emissions (Abadi et al. 2017). This permits countries to
install biodigesters to help realize their climate goals.

Bioslurry for fertilizer use

Bioslurry is an organic fertilizer and has high potential
to replenish and increase nutrients and organic matter
contents in soils. Bioslurry contains a high content of
nitrogen, potassium, and phosphorus and a wide range
of other micro- and macro nutrients like calcium, mag-
nesium, and iron, all of which are required for crop
growth (De Groot and Bogdanski 2013). A typical
bioslurry on smallholder farms consists of 93% water
and 7% dry matter, of which 4.5% is organic and 2.5%
inorganic matter (Warnars and Oppenoorth 2014). As
carbon compounds like fats, proteins, and carbohydrates
are broken down and released as biogas during anaero-
bic digestion, bioslurry has a higher ammonium to total
nitrogen ratio, reduced carbon contents, a higher pH
value, and a lower carbon to nitrogen ratio compared
with its substrate (Table 1) (Bonten et al. 2014; De
Groot and Bogdanski 2013). Depending on the sub-
strate, between 10 and 70% of organic carbon is
converted to biogas, while pH increases between

Table 1 Change in the composition of bioslurry compared with
undigested animal manure

Parameter Value Change

Organic matter (as % of DM)  63.8-75.0 —5to—15

pH 7.3-9 + 0.5 to +2 units
Total N (g/kg FM) 1.5-6.8 0

NH, (% of total N) 44-81 +10to +33

Source: Bonten et al. (2014)

0.5 to 2 units (Bonten et al. 2014). Bonten et al.
(2014) reported that between 10 and 33% of total
nitrogen is converted to ammonium, describing the
high impact anaerobic digestion has on the availabil-
ity of nutrients directly available to plants. As stable
compounds remaining in bioslurry after digestion
continue to mineralize when applied to the field,
nutrients are released throughout the growing season
(Smith et al. 2014). As a result of these transforma-
tions, new forms of nutrients are introduced to the
farm (Fulford 2015; Siegmeier et al. 2015).

Due to the conversion of volatile compounds to gas
during anaerobic digestion, bioslurry contains stable
organic matter, strengthening physical, chemical, and
biological soil properties. Fulford (2015) describes that
the left over, carbon-rich material is arranged in a lignin
matrix. Lignin is a strong molecule that holds structures
together in biomass. When bioslurry is added to soil, it
forms the consistency of humus, acting as a sponge,
“absorbing and retaining moisture and plant nutrients”
in accessible distance from crops, thereby preventing
nutrient leaching (Fulford 2015, p. 86). Through these
characteristics, bioslurry can be applied to improve the
soils nutrient and water holding capacity and soil struc-
ture (Warnars and Oppenoorth 2014). This is particular-
ly beneficial for largely depleted soils, where bioslurry
will support healthy root growth and access to directly
available crop nutrients.

Studies have disputed the impact of bioslurry on
yields compared with other fertilizers (De Groot and
Bogdanski 2013). However, if the organic matter con-
tent is integrated into the assessment, both together have
a high potential to efficiently support farm resilience
against critical impacts of climate change like extreme
weather events, fluctuating rainfall and dry periods.
Bioslurry can furthermore be used to increase the soil
pH, positively affecting nutrient availability and condi-
tions required for crop growth.

@ Springer
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To ease transportation of bioslurry and reduce nutrient
losses during storage if not applied directly, liquid
bioslurry is transformed to bioslurry compost (Bonten
et al. 2014; Fulford 2015). To compost, organic dry mate-
rials like straw, grasses, or coffee husks are placed in the
bioslurry pit in alternating layers with bioslurry (Fulford
2015). These materials are not used for biogas production
directly, as they either have a high lignin content or can
potentially block the inlet and outlet of the biodigester.
Composting bioslurry with material with an absorption
capacity reduces nitrogen losses through volatilization.
Also, the decomposition of organic dry material can be
accelerated due to microbes in the added bioslurry.

Methodology
Study area

The study took place in the Arsi zone, located in the
Oromia region, about 160 km southeast from the capital
Addis Ababa, Ethiopia. The farms visited are scattered
around the administrative center of the Arsi zone,
Asella, the central hub for the exchange of goods and
services in the area. The Arsi zone is characterized by
two wet seasons, a short rainy season between February
and May and a longer rainy season between June and
October, during which the main growing season occurs.
The average annual rainfall is 900—-1200 mm and mean
annual temperature is 10-25 °C (Oromia Bureau of
Finance and Economic Development 2011). The alti-
tude of visited farms was measured using a GPS receiver
and was found to be on average 2370 m.a.s.l, with the
lowest point of 1863 m.a.s.] and the highest point of
2642 m.as.L

The Arsi zone is dominated by a rainfed smallholder
mixed farming system, with livestock and crop produc-
tion. Most important crops cultivated are wheat
(Triticum aestivum), barley (Hordeum vulgare), teff
(Eragrostis tef), and faba bean (Vicia faba). Agriculture
in the Arsi zone has high agricultural potential due to
favorable climate and soil conditions but is limited by
water logging, soil erosion, and depleting soils as or-
ganic matter is not returned to fields (Begna et al. 2015;
Jutzi 1988; Woldeab 1988). Biodigesters have been
introduced by GIZ and Welthungerhilfe to strengthen
the integration of livestock and cropping systems and to
provide an alternative fertilizer to the farm while cover-
ing household energy needs. The type of biodigester

@ Springer

installed on farms was a fixed dome biodigester with a
size of 6 m® or 9 mz, depending on the number of cows
owned. Also, one latrine was connected to the
biodigester. Appliances used by farmers were a biogas
lamp and a stove.

Sample size

Farm selection was based on farms with an already
constructed biodigester and those that are accessible
during the rainy season. At the point of study, 100
biodigesters were completed, from which 47 were ana-
lyzed. As this study was a follow-up of a pre-study
carried out by GIZ, the same farmers were visited. The
group of people interviewed was the household head of
the farm.

Data collection and analysis

Farms were visited twice, once at the beginning of
the rainy season and once towards the end of the
rainy season, to enhance understanding of resource
management throughout the season. The goal of the
first visit was to test and ask preliminary questions,
to make first field notes, and to get acquainted with
the study area. During the second visit, data was
collected using semi-structured interviews and field
notes, taken during field observations and transect
walks on each farm. The semi-structured interview
was organized in different information categories:
personal information, crop management, livestock
husbandry, market, water access, biodigester man-
agement, and knowledge and training. The transect
walk was based on a checklist, which covered key
areas where resource management took place, like
the homegarden, animal sheds, the biodigester, and
composting areas. Numerical data was collected
using local measuring devices. For example, to mea-
sure the daily amount of manure and water fed to the
biodigester, the bucket size was documented. Obser-
vations were recorded using photographs. As inter-
views took place in Amharic and Oromo, an inter-
preter was used for translation into English.
Collected data was transferred to an Excel spread-
sheet in the categories that guided the interview. For
narrative data, a deductive coding method has been
used, according to pre-defined thematic fields and sub-
sequently descriptively analyzed. Numeric data was
analyzed using univariate descriptive statistics.
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Fig. 2 Subsystem interrelations of resources in the Arsi Zone. Source: Adapted from Siegmeier et al. (2015) and Jones et al. (1997).

Research approach

So far, efforts to improve agricultural production
systems have focused on specific production units
but failed to identify the interconnectedness between
units (Amejo et al. 2018). Consequently, productiv-
ity and resource use efficiency in sub-Saharan coun-
tries remains low. To understand the integration of a
biodigester in a farm and its complexity, this paper
uses a systems approach. A systems approach allows
to identify the multiple effects a biodigester has on
farm nutrient flow and opportunities for better re-
source use efficiency.

Figure 2 shows a typical farm system in the Arsi
zone with the crop livestock, household, and
biodigester subsystem as production units. These
units are integrated through the flow of resources, in
which output from one unit becomes the input for
another unit to facilitate nutrient recycling. The degree
of integration is determined by the magnitude of re-
source flow and its management in the specific unit.

Analyzed farming systems are framed by social,
economic, and ecological environments (Fig. 2). The

environment includes subsystems a farmer cannot
influence but has to be considered in the analysis
as they influence the household decision-making.
For example, access to spare parts of the biodigester
is largely influenced by market availability and in-
frastructure. Inability to replace broken parts will
consequently result in households to revert to using
traditional fuel sources. Another example is soil and
climate conditions, which determines suitable crops
for the region.

Table 2 Socioeconomic characteristics of visited farms

Variable Mean
Household size 6.9 members
Age of household head 48 years
Size of land owned 3.3 ha

Size of land rented
Size of land shared
Gender

2 ha by 78.7% farmers
1.3 ha by 42.6% farmers
6% female; 94% male

@ Springer
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Table 3 Dominant crops cultivated and fertilizers applied in the Arsi zone

Subsystem

Management

Crops in the

Implemented by 31 farms, key species mentioned: maize (Zea mays), cabbage (Brassica oleracea), carrots (Daucus
carota), spinach (Brassica carinata), chili (Capsicum annuumy), garlic (Allium sativum), onion (Allium cepa), red
beet (Beta vulgaris), salad (Lactuca sativa), desho grass (Pennisetum pedicellatum), elephant grass (Pennisetum
purpureum), hops (Rhamnus prinoides), alfalfa (Medicago sativa), coffee (Coffea arabica), tree lucerne (Cytisus

Farms were classified into little diversity with 0-5 crops (61% of farms), medium diversity with 6-10 crops (23% of

Wheat (Triticum aestivum) was cultivated by 100% of farmers, faba bean (Vicia faba) by 83%, maize by 68,1%,

barley (Hordeum vulgare) by 51.1%, teff (Eragrostis tef) by 38.3%, chickpeas (Cicer arietinum) by 27.7%, flax
(Linum usitatissimum) by 6.4%, peas (Cajanus cajan) by 6.4%, potato (Solanum tuberosum) by 4.3%, lentil (Lens

homegarden
proliferus), sesbania (Sesbania punicea)
farms), and high diversity with 11-15 crops (16% of farms)
Fertilizers Either not fertilized or fertilized with bioslurry
Field crops
culinaris) by 2.1%, sorghum (Sorghum bicolor) by 2.1%
Fertilizers/pesticides

62% of farms applied inorganic fertilizers, predominantly urea, NPS, and DAP; 23% applied bioslurry and inorganic

fertilizer; 10% bioslurry and 5% no fertilizer; pesticides were applied using a prevention approach

Crop residue
management

Largely removed for feed purposes

Results and discussion
Socioeconomic characteristics of households

The variables that were expected to influence agri-
cultural practices were analyzed and summarized in
Table 2. Results indicate that average age of the
household head was 48 years and thus part of the
active workforce. The majority of them were fully
engaged in agriculture with production mainly for
subsistence needs, with some excess products sold
on the market. Only a few household heads addi-
tionally had off-farm jobs. The majority of house-
hold heads were male, suggesting their influence on
the household decision-making.

Overview of the predominant cropping system

Crop production systems in the Arsi zone were very
diverse and showed a wide range of cultivated crops and
arrangement of these (Table 3). Cultivation is differen-
tiated by crops grown in the homegarden and on fields.
A homegarden, found on 31 farms, is used to grow
horticultural crops like maize, onions and grasses. Field
crops are primarily grain crops like wheat, teff and
barley. Results showed that of the 31 farms, only 16%
grew a greater variety of crops in their homegarden
(Picture 1), measured by growing more than 11 of the
most stated dominant species by farmers. The study
revealed a correlation between farm distance to the
administrative center Asella and farm crop diversity;

Picture 1 No homegarden vs. a homegarden with high crop diversity and intercropping system. Source: Own
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the further the farm from Asella, the smaller the crop
diversity. This was explained by a lack access to infra-
structure like roads, seeds, and extension services.

All farmers practiced some sort of crop rotation on
their fields. The main type of crop rotation consisted of
the two dominant regional crops, wheat and faba bean.
This rotation, however, limits the positive impact a crop
rotation is supposed to have on the accumulation of soil
biomass and nutrients, as above ground biomass is
removed for feed and food purposes. Consequently, a
more sophisticated crop rotation aiming for all year soil
cover and the use of forage leguminous species with
high root biomass is recommended.

Intercropping was only practiced in the homegarden
and ranged from integrating two species to a variety of
species like vegetables, trees, and shrubs. One farmer
intercropped maize with coffee, while another farmer
combined maize, oranges, coffee herbs, alfalfa, and tree
lucerne. Such a well-developed intercropping system
uses resources efficiently including land and water,
allowing to increase yields per unit area compared with
growing a single crop. Particularly the integration of
alfalfa and tree lucerne should be encouraged, as they
are valuable feed sources due to their high protein
content and good palatability. Improved feed will in-
crease manure production and available nutrients that
can potentially be recyclized through the biodigester.

Observations showed that grasses like desho grass
were often planted as field boundaries and fed to live-
stock through the cut and carry system. Incorporating
grasses in the cropping system is an efficient measure
against soil erosion and can be used as mulch, as due to
its rapid growth can be cut multiple times a year.

Farmers were able to quantify application rates of
fertilizers only to field crops, as application to the
homegarden was uncontrolled and arbitrarily during
the growing season. To field crops, 62% of farmers
applied inorganic fertilizers, 23% bioslurry and inor-
ganic fertilizer, 10% bioslurry, and 5% apply no
fertilizer. As the largest share of bioslurry was ap-
plied to the homegarden, farmers mentioned that
production was insufficient to also apply to fields.
Bioslurry was mainly applied to the homegarden
because it was located near the biodigester, from
which transportation is less time intensive. In the
homegarden, bioslurry was either applied as a liquid
to crops directly after it leaves the biodigester or
transformed to bioslurry compost.

Despite the positive impact bioslurry has on soil struc-
ture and fertility, findings indicate that farmers were reluc-
tant to apply bioshurry. This is because bioslurry was a
newly introduced fertilizer in the region and farmers did
not want to risk any crop failures. However, some farmers
that applied bioslurry observed a positive impact on crops.
Two farmers, for example, mentioned a stronger color of
wheat leaves and a higher number of tillers compared with
the previous year. Another five farmers were part of a
field-testing carried out by a local organization, aiming to
test the impact of bioslurry on crop growth. Results were
promising, but to make reliable conclusions, data needs to
be collected for a time period longer than 1 year. For
further dissemination to be successful, it is therefore im-
portant for farmers to share experiences on the application
of bioslurry.

Overview of livestock management

Key findings on livestock management are summarized in
Table 4. On average, each farm owned 10.47 cows, which,
as the key input for a biodigester, determines potential
bioslurry and biogas production. It was found that despite
manure being a good substrate, not all manure is used for
the biodigester due to a tradeoff for fuel purposes. The
drier manure found on the farm compound is used as
cooking fuel to bake injera and bread. While similar qual-
ity manure is found on the communal grassland, manure is
left there for convenience reasons. Manure found in the
stable is used as a substrate for the biodigester, as it is the
freshest and can easily be transformed to a homogeneous

Table 4 Livestock management in the Arsi zone

Subsystem Management

Livestock On average 10.47 cattle per farm; farms also

owned chicken, sheep, and goats

Feed Wet season: grazing on communal grassland and
management  grassland around the farm compound; cut and
carry system of grasses and maize stalks and
straw
Dry season: first 2 months grazing of remaining
plant residues on fields after harvest;
remaining 4-5 months straw, grains, mill
residues, and oil seed cake are fed; some
grazing on pasture

Manure
management

Manure collected at the farm compound used for
cooking fuel; manure from the stable is used
to feed the biodigester
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Picture 2 Collection of cow manure and mixing manure with water. Source: Own

liquid. All farms mentioned that children and primarily
women were responsible for manure collection and mixing
it with water (Picture 2).

Nutrient contents of manure and hence nutrients that
can be recycled through a biodigester are determined by
feed intake. During the wet season, cows grazed on
communal grassland or on grassland around the farm
compound, a feed material with relatively low nutrient
and protein content. Additional feed like straw and fresh
maize stalks and on-farm grasses like desho grass
(Pennisetum pedicellatum) was fed through the cut and
carry system (Picture 3).

During the dry season, livestock were taken out to
fields for the first 2 months to graze on the remaining
plant residues. As grass was rare for the remaining 4 to
5 months, straw, grains, mill residues, and oil seeds cake
were additionally fed. These enrich the nutrient content
of manure, while the share of raw fiber is limited in such
rations. In both the dry and wet season, livestock
returned to the stable during the night. It is evident that
given these feed rations and the dominant crop systems

in the region, there is high potential to introduce quality
feed sources like forage to increase animal productivity
and on-farm nutrients.

Overview of the biodigester system
Substrates

An overview of substrates, the utilization of biogas, and
management of bioslurry are presented in Table 5. A
biodigester in the study region was fed with manure and
human excreta. On average, 31 kg of manure mixed
with water at a ratio of 50:50 was added daily (Picture 4).
Most frequently, 20 kg of manure was added by 29.8%
of farms and 40 kg also by 29.8%.

The latrine, through which human excrete enters the
biodigester, was used by 76% of farms. 19% of house-
holds reported to not use the latrine due to an absent
shed because of insufficient time to build it, but are
planning to do so in the future (Picture 5). Another 4%
revealed to own a modern toilet with access to the

Picture 3 Maize stalks and grasses harvested and fed using the cut and carry system. Source: Own
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Table 5 Typical substrates and management practices of biogas
and bioslurry in the Arsi zone

Subsystem Management

Biodigester Cow manure (on average approximately
input 31 kg/day) and human excreta (on 75% of
farms of 6.9 household members)

Biogas use Biogas was utilized for the biogas lamp by 53%
of farmers and the stove by 98% of farmers
Bioslurry If bioslurry is not applied directly to crops, it is
management transformed to bioslurry compost. Key

problems are an absent shed to cover the
bioslurry pit; overflow of bioslurry pits;
impurities in the bioslurry; inadequate
storage of bioslurry compost

communal system on the farm and thus do not require
the latrine.

Biogas utilization

Traditionally, households rely on charcoal, wood, and cow
manure for cooking fuel. Cow manure is predominantly
used, as it is available all year and is the most affordable.
The alternative biogas stove that has been introduced on
farms aims to reduce the use of these traditional fuel
sources. The study revealed that the biogas stove overall
received a positive feedback due to a shorter cooking time
and reduced indoor smoke. Especially women, who do
most of the cooking, appreciated the biogas stove, as
reduced indoor smoking has a positive impact on health.
Despite these benefits and 98% of farmers that use the
biogas stove, findings revealed that food habits and
cooking traditions leave farmers to further rely on tradi-
tional fuel sources. A primary shortcoming was that the

installed biogas stove does not support making coffee and
cooking the locally favored injera, a staple food based on
teff grain (Eragrostis tef). To bake injera, a biogas base
mitad is required, which is a plate-like structure able to
uniformly distribute heat. There have been efforts to de-
velop a mitad in both the private and public sector; how-
ever, manufacturing and distribution at country level is not
yet available.

Estimating the biogas production per day through
calculations suggests that, theoretically, there is suffi-
cient biogas to cover biogas demand. With an average of
approximately 10 cows per farm, a daily biogas produc-
tion of 400 1 per cow, and an average biogas consump-
tion of 325 1/ h of the stove, a household can cook for
12 h per day (IRENA 2016; Kossmann et al. 1999).
Even if only half the manure is fed into the biodigester,
as largely manure from the stable is suitable, the biogas
stove can be used for 6 h. Based on this calculation,
biogas produced from two cows will most likely be
insufficient to cover household energy demand.

The biogas lamp was used by 53% of farmers and
received mixed responses. Forty-six percent re-
vealed to not use the lamp due to access to electric-
ity and only divert to use the biogas lamp in case of
a power outage or an absent electrical light in a
room. Another 11% of farmers preferred to use solar
light, because its light is brighter than the biogas
lamp. Further reasons are related to technical prob-
lems; 20% of farmers complained about a broken
glass shade (Picture 6), while another 26% observed
explosions as a result of too much pressure. In the
case that the glass shade broke, farmers complained
about the long replacing time, as materials are not
locally available.

Picture 4 Substrate in a biodigester pit. Source: Own
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Picture 5 A latrine without a shed compared with with a shed. Source: Own

Bioslurry management

Field observations show that handling of bioslurry varied
greatly between farms and is often inadequate (Pictures 7
and 8). Key problems with bioslurry management were the
absence of a shed, impurities like plastic in the bioslurry
pit, overflow of the bioslurry pit, and inadequate cover and
storage of bioslurry compost. An absent shed and inade-
quate cover rises exposure of bioslurry to the sun, increas-
ing nutrient losses through volatilization. Dried bioslurry
as a result of overflow suggests poor management, in
which the bioslurry is not transformed to bioslurry com-
post and thus not applied as a fertilizer. Not using the
bioslurry means heavy on-farm nutrient losses as these
cannot be further recycled.

Conclusion and recommendations

Arguments in favor of a biodigester are the various
positive impacts it has for the farm through provision

of energy, organic matter, and nutrient recycling to
cover household energy demand to improve soil struc-
ture and crop growth. Although compared with other
fertilizers the impact of bioslurry on yields is disputed,
introducing bioslurry on farms in areas with limited
access to synthetic fertilizers, bioslurry will improve
the nutritional status of crops (De Groot and
Bogdanski 2013; Rahmann et al. 2019; Smith et al.
2014). This study shows that the purpose of a
biodigester is partly fulfilled and that there is high
potential to optimize the approach as well as the whole
farming system with support of biodigesters (Table 6).
One factor preventing nutrient cycling is insufficient
production and inadequate management of bioslurry.
Production is limited by biodigester size, labor, and
manure collection, as suitable manure for the biodigester
is predominantly from the stable. To increase bioslurry
production, it is recommended to use other sources of
organic material like vegetable residues and manure
from remaining livestock like goats and sheep as a
substrate. Inadequate management was observed by an
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Picture 6 A broken biogas lamp compared with a functioning biogas lamp. Source: Own
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Picture 7 Poor managed bioslurry as a result of overflow and impurities. Source: Own

absent shed to cover the bioslurry pit, cover of bioslurry
compost, and overflow of the bioslurry pit suggesting
that bioslurry is not applied as a fertilizer. These short-
comings increase the risk of nutrient losses from the
farm system through volatilization. Interactive learning
and experience exchange through a demonstration farm
can train farmers to correctly manage bioslurry. As
farmers are not docile acceptors of technologies, a
higher participation can increase acceptance among
farmers (Lightfoot et al. 1993).

Barriers to utilization of biogas for cooking or
light are the absence of a mitad and broken glass
shades farmers are often confronted with. From a
systems perspective, an absent mitad will prevent a
closed nutrient cycling as farmers further rely on
traditional fuel sources like wood and manure. This
demonstrates that the translation of cultural habits in
technology is key to achieve its purpose. To over-
come these problems, the private sector is encour-
aged to develop biogas appliances with materials
available on the local market, also allowing

technology to adapt to cultural customs. To facilitate
private sector development, programs need to be-
come decentralized with less public intervention
(Kamp and Forn 2016). How far biogas for injera
production has a future is however questioned, as
farmers discussed a different taste compared with
traditional fuel sources. Combined energy systems
of biogas with alley cropping as a wood source are
to be examined.

Low-quality feed, specifically the lack of protein,
minimizes potential nutrients that can be recycled
through a biodigester. Feed quality can be raised by
adding forage legumes, shrubs, and hybrid grasses
into the farm system. Adding forage legumes will
initiate a positive feedback nutrient cycle in the whole
farming system (Fig. 3), far beyond increasing nutri-
ents. For the production of these crops, no additional
land is required, as they can be incorporated into
unused land like field margins and boundaries, into
the homegarden, or into existing cropping systems
through intercropping. These solutions maximize the

Picture 8 Well-managed bioslurry with a clear defined bioslurry pit and a shed to reduce sun exposure. Source: Own
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Table 6 Opportunities to optimize on-farm nutrient cycling

Recommendations
Farm system unit: biodigester

* To use other organic sources like vegetable waste and manure of
other livestock to feed the biodigester

* A demonstration farm to show how to handle and store liquid
bioslurry and bioslurry compost; how to transform bioslurry to
bioslurry compost

* Higher involvement of the private sector to improve local
availability of materials and the development of a mitad

Farm system unit: livestock production

* Ensuring a balanced feed ration with additional protein sources
* Collecting manure on nearby pasture

Farm system unit: crop production

* Improving crop rotations and intercropping with forage legumes
like alfalfa (Medicago sativa)

* Implementing alley and agroforestry systems with leguminous
trees like sesbania (Sesbania sesban)

» Growing grasses for fodder on unused land around the
homestead

flow of resources between production units and imi-
tate the circular food chain model from the
LandLessFood concept.

Small-scale biodigesters exist in different sizes and
types, allowing customized installations and easy
integration into farms. Programs like the National
Biogas Program implemented in many East African
countries often install a standard biodigester. To increase
functionality and to avoid socioeconomic obstacles
described by Abadi et al. (2017) and in this paper, further
dissemination requires biogas programs to deviate from a
standardized approach. Customizing materials, type and

size of a biodigester to farm conditions will also remediate
the often-presented financial obstacle to biodigester im-
plementation. Also, alternative systems to installation may
be considered. An example is the system developed by the
social business (B) energy, offering an entrepreneurial
approach to biodigester ownership (Piitz 2020).

Relevance of a small-scale biodigester
for the LandLessFood concept

A biodigester offers a close link between crop produc-
tion and the farm residue system through opening new
pathways for nutrient circulation, fertilizer production,
and organic food production. With the peak phosphate
rate to be reached in the near future, land availability
declining, and soils degrading, higher resource use effi-
ciency through recycling of on-farm nutrients is crucial
(Rahmann et al. 2019; Siegmeier et al. 2015). A chal-
lenge to implementing a small-scale biodigester in other
parts of sub-Saharan Africa could possibly be limited
availability and access to water, as an equal amount of
water and substrate is required. Next to investing in
water harvesting and storing methods, a potential water
source is wastewater from production and processing
facilities of the circular food chain model presented in
the LandLessFood concept.

In the landless system model, a biodigester acts as a
redistribution unit of resources through using residues
of bioreactors, animals, and mushroom production
and transforming it to household energy and a fertil-
izer. Through this transformation, nutrients become

Income from
selling at the
market
Higher milk
production
Household
/ \‘ consumption
Feed for
livestock
vestoc \‘Higher manure
production
Stems Substrate for the Biogas
\} Fire wood biodigester /

i

\‘Ashes
|

Forage shrubs
and trees

v v

Soil organic matter and nutrient contents

Fig. 3 Positive feedback cycle of including forage crops in the farm system. Source: Own
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available to the food system again. With the ability of
bioslurry to increase the buffer capacity of a farm
through compensating decomposed organic matter
and affiliated nutrients by crops, an agricultural sys-
tem can be integrated into more harsh environments
like areas with high temperatures and little rainfall
which are so far excluded from the production system.
If sufficient and nutritious rich bioslurry can be pro-
duced, agricultural systems can be reshaped to a resil-
ient and stable system while providing new economic
opportunities to the farmer.

Funding Open access funding provided by University of Natu-
ral Resources and Life Sciences Vienna (BOKU).
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