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Food insecurity in Ethiopia is an immediate humanitarian crisis that is expected to
worsen due to population growth and climate change. This study applied GIS-based
approaches to evaluate the feasibility of deploying an emergent type of single-
cell protein (SCP) technology to supplement the nutritional needs of Ethiopian
citizens who are most vulnerable to drought. The technology—power-to-protein
(PtP)—uses H, and O, from water electrolysis and CO, from woody biomass
combustion in a two-stage bioprocess to produce nutrient-rich protein powder
for human consumption. Population density, land use, and other geographical
data were used to identify optimal site locations for these PtP systems based on
two deployment strategies: large centralized plants vs. small decentralized units.
The model also accounted for biomass availability, collection, and distribution
logistics. The analysis revealed three sites that are both (highly) vulnerable/food-
insecure and accessible within walking distance. The identified sites are proximate
to the urban areas of Mekele in northern Ethiopia, Addis Ababa in central Ethiopia,
and Hawasa south of Addis Ababa. If centralized PtP were deployed, the protein
requirements of these populations could be sustained for several months, assuming
a modest biomass collection radius of 35km. Decentralized PtP deployment
was similarly effective, requiring a distribution density of 54-11.0 PtP units per
km? under conservative estimates and 0.76-1.1units per km? under optimistic
estimates. Lastly, a theoretical comparison showed that PtP is more efficient
than conventional agricultural food production regarding biomass-to-protein
conversion yields. Overall, our study suggests that PtP technology would be a
feasible approach to supplement the nutritional needs of Ethiopian people in
times of drought-related emergencies. However, given logistical limitations and
considering social preference factors, it would be more practical to implement
PtP in conjunction with standard emergency food aid measures.
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1 Introduction

Anthropogenic greenhouse gas emissions (GHGs), land use
change, and other activities that impact the global carbon balance are
changing the climate. As a result, the frequency and severity of
extreme weather and climate events are increasing (Teshome and
Zhang, 2019). Droughts are among the most severe natural disasters
affecting ecosystems, agriculture, and human societies because of their
long-term impacts on water resource availability, agricultural
production, and economic activity (Edwards et al., 2019; Naumann
et al,, 20215 Orimoloye et al.,, 2022). Drought can be defined as an
anomalous moisture deficit relative to a normal baseline (Wilhite and
Glantz, 1985). Many processes contribute to a drought event beyond
simple climatic parameters such as temperature and precipitation.
Thus, the scientific study of drought spans various fields such as
meteorology, climatology, hydrology, ecology, and agronomy. In
recent years, the focus on drought vulnerabilities has increased due to
multiple drought events in many regions of the world such as the
United States (Ault, 2020) East Africa (Anderson et al, 2023),
Australia (Hoque et al., 2021), and the Sahel (Noureldeen et al., 2020).

Global aridity is expected to increase in many regions as global
temperatures continue to rise due to climate change. Aridity is a
permanent deficit of water availability that is caused by low average
annual precipitation or high spatial or temporal variability. The low
moisture levels restrict the carrying capacity of the local environment
(i.e., the maximum population size of a species in an ecosystem that
can be sustained by the available food, water, and resources) (Wang,
2022). Precipitation and evapotranspiration are expected to increase
overall through an intensified hydrological cycle that is fueled by a
warmer climate (Ficklin et al., 2022). Projections predict certain
regions of the world will receive more precipitation (mesic areas, e.g.,
wet tropics) while others will receive less (semi-arid regions, e.g.,
subtropics) (Chou et al., 2009; Chou et al., 2013; Dong et al., 20205
Seager et al., 2010). Moreover, evapotranspiration is expected to
increase in already dry areas, leading to an even more arid climate.
Global warming exacerbates this effect, leading to higher frequencies
of drought.

The impacts of droughts on agriculture can result in famine and
forced migration, natural resource degradation, and suppressed
economic activity. There are direct and indirect effects that follow a
drought event. The primary direct impacts of droughts in the
agricultural sector are reduced production and increased food prices
through crop failure and pasture losses. Indirect effects can include
reduced supplies to downstream industries (e.g., food producers)
(Trnka et al., 2020).With nearly 1.4 billion people (18% of the world
population) relying on agriculture as the primary source of income,
droughts are putting the livelihood of many at risk (Meza et al., 2020).
Especially vulnerable are communities that rely on agriculture as their
primary source of nutrition, which is often the case in low-to medium-
income countries (Moges and Bhat, 2021). Rainfed agriculture is the
leading practice in those countries, and if they are affected by drought,
their food supply can be at risk (Jaramillo et al., 2020). Therefore,
identifying strategies to strengthen drought resilience in those
countries is a high priority.

Developing sustainable technologies to circumvent or at least
complement conventional agriculture is imperative. Power-to-protein
(PtP) is a promising technology that offers solutions to some of the
issues that are caused by a growing world population (Molitor et al.,
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2019; Sillman et al., 2020). PtP combines water electrolysis and gas
fermentation to convert carbon dioxide (CO,), hydrogen (H,), and
oxygen (O,) gas into protein for human food or animal feed, using
(renewable) electric power (Mishra et al., 2020). The protein from
these single-celled organisms is called single-cell protein (SCP).
Compared to conventional animal-or plant-based protein production,
PtP confers considerable environmental advantages such as lower land
requirements, water requirements, and fewer GHG emissions
(Salazar-Lopez et al., 2022). Moreover, PtP can be operated in self-
contained bioreactors independent of arable land, liberating it from
climate and geography. Nutrient utilization efficiency in bioreactor
systems is also considerably higher than in conventional agriculture,
reducing the demand for synthetic fertilizers, which have a high GHG
footprint (Pikaar et al., 2017). In addition, PtP production reduces the
need for expanding agricultural land, lessening deforestation, habitat
destruction, and biodiversity loss (Humpenoder et al., 2022). Finally,
PtP qualifies as a carbon capture and utilization technology when the
CO, is sourced from industrial off gases, power plants, biomass
processing facilities (e.g., biogas and bioethanol plants), or direct
air capture.

PtP bioreactor systems typically involve one or two stages. For
instance, hydrogen-oxidizing bacteria (HOB) can be grown on H,, O,,
and CO, to produce microbial biomass in a single-stage bioreactor
(Hu et al,, 2020). Alternatively, intermediate compounds, such as
methane or acetate, can be made from H, and CO, fermentation in a
first-stage bioreactor and then fed to microbes to produce biomass in
a second-stage bioreactor. Mishra et al. (2020) performed a theoretical
analysis of various SCP technologies and determined that the
two-stage bioprocess would yield more protein than the single-stage
HOB process for a given amount of available energy. In addition, yeast
can be selected for growth in the two-stage bioprocess, providing a
more socially accepted protein source than the bacterial biomass
grown in the HOB process. Yeast also contains high levels of protein,
with a broad spectrum of essential amino acids, lipids, complex
carbohydrates, vitamins, and minerals (Bratosin et al., 2021; Salazar-
Lopez et al., 2022; Schmitz et al., 2024; Yang et al., 2022).

Ethiopia is Africa’s second most populated country after Nigeria.
Over 80% of Ethiopia’s population depends on rainfed agriculture for
their livelihoods (Mohamed, 2017). Since agricultural production
primarily serves subsistence purposes (CSA, 2021), the population is
particularly vulnerable to climate variability and weather-related
shocks such as droughts. Ethiopia has a history of severe droughts,
which have worsened in recent years (Sohnesen, 2020). These
droughts put much of the Ethiopian population at risk (Mohamed,
2017). Ethiopia is already one of the largest recipients of humanitarian
food assistance (Teshome and Zhang, 2019). Therefore, improving the
resilience of the Ethiopian population to droughts and the associated
food shortages is critical. The deployment of PtP as a complementary
technology to conventional agriculture can bolster the self-sufficiency
and security of the Ethiopian people.

Here, this GIS and technological modeling study aimed to identify
the regions in Ethiopia most vulnerable to drought and assess the
feasibility of using two-stage PtP technology as a disaster relief
measure. In this hypothetical disaster-relief scenario, drought-afflicted
crops would be combusted to produce the CO, needed for the PtP
process. The protein generated from the PtP system would then supply
the nutritional needs of Ethiopian citizens during these food shortages.
We modeled two PtP deployment strategies —centralized and
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decentralized—for the entire country of Ethiopia and compared their
feasibility considering local protein demand, drought vulnerability,
and feedstock supply logistics. Finally, we assessed the resource-use
efficiency of PtP technology relative to conventional food production
under non-drought conditions to inform future development and
policy decisions.

2 Methodology
2.1 Study area and study period

With a total population of approximately 127 M people, Ethiopia
is Africa’s second most populated country. This results in a population
density of 128.7 people per km? (UN, 2024). While predominantly
rural, Ethiopia has seen increasing urbanization. The capital, Addis
Ababa, is the largest city, with ~4 million people, followed by Dire
Dawa and Mekelle. Ethiopia is characterized by significant socio-
economic diversity, marked by rapid growth, widespread poverty, and
a predominantly agrarian economy. Indeed, agriculture underpins
much of Ethiopia’s economy, contributing around 40% of the gross
domestic product and employing about 75% of the population
(USAID, n.d.). There is a significant rural-urban divide, with urban
areas experiencing better access to education, healthcare, and
employment opportunities, while rural regions, especially in areas
prone to conflict or drought, have limited access (Tom et al., 2020).
Geographically, Ethiopia is one of Africa’s largest countries and is
home to various landscapes and climatic zones. Ethiopia’s climate is
dictated by the seasonal intertropical convergence zone and the
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associated atmospheric circulation patterns (Beltrando and
Camberlin, 1993). The diverse topography also creates regional
climates. The shift from lowlands to highlands establishes a gradient
of environments throughout the country, encompassing extremely
arid to highly humid conditions (Fazzini et al., 2015) (Figure 1). The
diverse topography also affects the temperature and precipitation
patterns across the country. There are three seasons in Ethiopia: (1)
the dry season - which extends from Oct. to Jan., (2) the short rainy
season — which extends from Feb. to May, and (3) the rainy season
(‘kiremt’), which extends from Jun. to Sep. (Asfaw et al., 2018). Most
annual crop production in the country depends on the rainfall of the
kiremt season. Overall, crops are cultivated on a total area of
145,638.8km?, with teff, maize, and sorghum being the three most
cultivated crops with regard to the the cultivated area (CSA, 2021).
The harvest season (‘meher’) follows kiremt, extending from Sep. to
Feb., and accounts for over 90% of annual harvested crops (Dorosh
and Rashid, 2013, p. 61). Analysis of long-term precipitation data
revealed that, on average, January is the driest month (Elzopy et al.,
2021). January is also when crop growth is at its fullest. Therefore,
January was selected as the focal month for the analysis because this
is the period most vulnerable to drought.

2.2 Power-to-protein design and
implementation

An efficient PtP systems is the two-stage PtP bioprocess with
acetate as an intermediate (Mishra et al., 2020). Therefore, this PtP
system was selected as the model system for disaster relief in
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Ethiopia. Here, drought-affected woody biomass is combusted to
provide oxygen-cleaned CO, as the carbon-source for the PtP
process. At the same time, H,O is electrolyzed to provide H, and
O, to serve as the electron donor and electron acceptor,
respectively, for microbial growth and metabolism. In the 1st-Stage
bioreactor, the CO, and H, are fed to acetogenic bacteria (i.e.,
Clostridium ljungdahlii PETC [DSM 13528]), which produce
acetate. Next, the acetate and O, are fed to yeast (i.e., Saccharomyces
cerevisiae S288C [ATCC 204508]) in the 2nd-Stage bioreactor,
generating protein-rich yeast biomass. (Figure 2). The 1st-and
2nd-Stage bioreactors are supplied with nutrient media containing
nitrogen, minerals, vitamins, and trace metals. The protein is
extracted from the raw biomass through a series of downstream
processes, including harvesting, heat-shock treatment, dewatering,
and spray drying. The final product the PtP system generates is a
protein powder with 45% protein by weight. Nutrient and H,O-
containing effluents produced during downstream processing are
recycled to the Ist-and 2"-Stage bioreactors to improve
resource-use efficiency.

Two PtP deployment strategies were modeled to evaluate the
logistical feasibility of PtP implementation: centralized and
decentralized. Centralized PtP facilities were modeled and scaled
based on crop biomass availability within a defined collection radius
around the centralized site. Decentralized PtP units were designed

10.3389/fsufs.2024.1429171

to fit within modular shipping containers for mobility. Multiple PtP
units would be deployed to drought-affected locations to meet the
local protein demand. The number of units deployed was determined
based on unit throughput and local biomass availability. The
electricity for electrolysis and equipment operation in the centralized
PtP facilities would be supplied by grid power. In contrast, a
combination of grid power, solar panels, and diesel generators would
provide electricity for the decentralized PtP units. Further details
regarding the model assumptions and system design are given in
Supplementary Tables S1, S2.

2.3 Datasets

Data from GIS datasets were used to define a reference map of
food-insecure regions in Ethiopia. Data included: (1) land cover
(LC), (2) population density (PD), (3) population count (PC), and
(4) drought occurrence in Ethiopia during January 2020. The
reference map was cross-evaluated with Ethiopia’s existing road
network data to determine PtP site locations. Crop yield data for the
2020 meher season was retrieved from Ethiopia’s Central Statistical
Agency (CSA) and used to calculate total biomass production.
Detailed information on agricultural data can be found in
Supplementary Table S3.

FIGURE 2

green).

Geographical overview of Ethiopia. Ethiopia has a wide variety of landscapes, including pronounced highland and lowland areas. The varying
topography of the country gives rise to distinct climatic zones, including arid regions (illustrated in yellow and brown) and humid areas (illustrated in
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2.3.1 Landcover

Landcover data was obtained from the European Space Agency.
The dataset provides a one-year temporal resolution and 300-m
spatial resolution of landcover for 1992 through 2020. The
European Space Agency generated the dataset assuming baseline
landcover and annual landcover changes. Baseline data was
developed using various machine learning and image classification
methods from the ENVISAT mission archive for the period from
2003 to 2012. Annual landcover changes were measured from 1992
to 2018 at 1km resolution from various satellite observations. The
landcover data were classified using the classification system
outlined by the Food and Agriculture Organization (FAO)
(ESA, 2017).

2.3.2 Population density and population count

Population density and population count data was obtained from
the WorldPop organization. WorldPop utilizes a statistical model that
incorporates census and projection data based on administrative
units, settlement data (i.e., buildings, settlement types), and detailed
geospatial information (i.e., elevation, slope, vegetation, and
accessibility to major cities) to generate population density and
population count datasets at a resolution of 1km and 100m,
respectively (WorldPop, 2020).

2.3.3 Drought occurrence

Drought occurrence data was gathered from the National Oceanic
and Atmospheric Administration (NOAA). Global and regional
vegetation health products (VHP) is a classification system that
estimates vegetation health using various indices such as plant
greenness, thermal parameters (surface temperatures), and their
interactions. VHP provides a vegetation health index (VHI) derived
from advanced very high-resolution radiometers onboard polar-
orbiting satellites. VHP data with a 4-km spatial resolution and 7-day
composite temporal resolution were generated from 1981 to the
present. VHP was used as proxy data for vegetation health and
drought. A VHP value below 40 indicates unfavorable conditions
characterized by drought stress in plants, which may result in crop loss
(NOAA, 2022).

2.4 Evaluation of food insecurity
vulnerability

Data regarding arable land, population density, and VHI were
used to qualify drought conditions and estimate food insecurity
vulnerability. First, agricultural areas were defined by analyzing
individual pixels based on the landcover dataset. Areas impacted by
drought were cross-evaluated with population density and VHI data.
Food insecurity was defined using the following two criteria. Criterion
(1): a population density value equal to or above the 95™ percentile.
This range of population density values ensured that agricultural areas
with high population densities were selected. A high population
density indicates that many people would be affected by drought due
to crop loss. Criterion (2): a VHI value below 40. This range of VHI
values indicates adverse impacts on crops, including the initiation of
crop mortality (NOAA, 2022). Pixels that meet the criteria were
considered food insecure areas in this study. A heatmap was created
to show the areas vulnerable to food insecurity.

Frontiers in Sustainable Food Systems

10.3389/fsufs.2024.1429171

TABLE 1 Food insecurity classifications for PtP site selection.

Level Classification
>0.8 Extremely vulnerable
0.6-0.8 Very vulnerable
0.4-0.6 Vulnerable

0.2-0.4 Less vulnerable

<0.2 Not vulnerable

2.5 Site determination for PtP deployment

An index was created to determine possible PtP deployment
sites in a drought scenario, based on the VHI and population
density criteria, using the calculate composite index tool in ArcGIS
Pro software (v3.1.1, ESRI, Redlands, CA, USA). The index
calculation results in a value ranging from 0 to 1. The index was
further divided into five vulnerability levels, from not vulnerable to
extremely vulnerable (Table 1). The vulnerability grouping levels
were subjectively defined to establish explicit cut-off criteria for PtP
site selection. Only extremely vulnerable sites were considered for
PtP deployment (i.e., index >0.8). Moreover, only sites within
walking distance of the Ethiopian road network were considered.
This prerequisite was set because many individuals lack access to
long-distance transportation. Individuals frequently rely on walking
as their primary means of reaching the nearest food market. The
model assumed a 9.1-km walking distance, which, according to
several studies, represents the average walking distance citizens
undertake to access food markets in low-to medium-income
countries (Asfaw et al., 2012; Destaw and Fenta, 2021; Gecho, 2017;
Mengistu et al., 2021; Usman and Callo-Concha, 2021). Walking
data these
Supplementary Table S4.

distance from studies is provided in

2.6 Agricultural dataset and protein
estimation

Crop biomass production data in Ethiopia is necessary to calculate
the theoretical protein production from the chosen PtP sites. Data on
cultivation areas and yields of major crops grown in Ethiopia was
obtained from the 2019/2020 agricultural sample survey report of
Ethiopia’s Federal Central Statistical Agency (CSA, 2021). An overview
of the workflow from data processing to the calculations of protein
production is depicted in Figure 3. An expanded view of the crop
cover, population density, and VHI data plot overlay is presented in
Supplementary Figure S1. The biomass yield for each crop per
cultivated land area was calculated and then summed to obtain the
total biomass for PtP (Equation 1).

mB:z(Aagr*fcr*Y+AAgr*fcr*Y*R)*fdm 1)

Where m; is the amount of biomass [kg], A, is the agricultural
area [km’], f,, is the fraction of arable land occupied by the crop [km?/
km?], Y is the crop yield [kg/km?], R is the residue-to-crop ratio [kg/
kg], and f;;, is the fraction of dry matter in crop plants [kg/kg]. A
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Overview of the methodological approach: (I) data processing and subsequent filtering to obtain relevant data; (Il) food insecurity heatmap generation;
(Il computation of food insecurity index with subsequent categorization to identify potential Power-to-Protein (PtP) sites; and (IV) protein production
calculations at the identified PtP site locations. LC — land cover; PD — population density; VHI — vegetation health index.

detailed description of the equation parameters and assumptions is
given in the Supplementary section S1.1.

The calculated crop biomass in areas that are affected by drought
represents the feedstock available for PtP production. The areas
considered for crop biomass calculation were defined as circular areas
with increasing radii around the potential PtP site locations, increasing
by 10-kilometer increments from 10 to 90km. Collection areas start to
overlap beyond 90km. The model assumes complete biomass
combustion and recovery of CO, as a substrate for protein production.
The stoichiometry in Equation 2 describes biomass combustion. A
stoichiometric approach was also used to estimate the yield of microbial
biomass from the 1st-Stage (Equation 3) and 2nd-Stage (Equation 4)
bioprocess based on the growth equations of acetate-producing bacteria
and heterotrophic microbes (Mishra et al., 2020). The stoichiometric
equations are as follows:

CH1.4400 66 +1.030, —> CO, +0.72 H,O (2)

0.5H, +0.25C0O; +0.002 NH3 — 0.002 CsH70,N
+0.255 H,0 +0.121CH3COO™ +0.121 H* (3)

0.121 CH3COO™ +0.121 H* +0.87 05 + 0.031 NH;
—0.031CsH70,N +0.87CO, +0.18 H,0 (1)

Given the stoichiometric amount of microbial biomass (CsH,O,N)
in the 2nd-Stage, the theoretical amount of protein in biomass through

Frontiers in Sustainable Food Systems

the PtP process was calculated using the following equation
(Equation 5):

mgcp =n* Mpyic * fp* [N * fhs (5)

Where mycp is the amount of protein [kg], # equals the moles of
microbial biomass in the 2™-Stage [kmol], M, is the molar mass of
the microbial biomass [kg/kmol], f, is the protein fraction of the
microbial biomass [kg/kg], fy is the product loss within the protein
production chain [kg/kg], and f;, is the fraction of protein remaining
after heat shock treatment [kg/kg]. A detailed description of the
equation parameters can be found in the Supplementary section S1.2.
For the calculation, we assumed a daily reccommended dietary protein
allowance of 56 g per day (Molitor et al., 2019) for individuals with an
average weight of 70kg. In many instances, the protein supply from
PtP was sufficient to supply the protein requirement of the local
population for an extended period. Finally, crop data was collected
and analyzed to compare PtP protein yields to conventional plant-
based and animal-based protein yields during non-drought conditions
(Supplementary Table S3). Six kilograms of crop protein was assumed
necessary to produce 1kg of animal protein (Ritala et al., 2017).

2.7 Uncertainty analysis

An uncertainty analysis was conducted for important PtP
parameters contributing to protein yield. The uncertainty analysis
involved defining a lower-and upper-bound value for each parameter
based on literature data. The best-case scenario was determined by
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assuming the optimal value for each parameter within the specified
range, while the worst-case scenario assumed the least optimal value.
The parameters and associated values used in the uncertainty analysis
are provided in Supplementary Table S5.

3 Results and discussion

3.1 Several major cities in Ethiopia are
highly vulnerable to drought

The analysis identified 16,660 food-insecure locations in Ethiopia
(equivalent total area=1,499km?) and their spatial distribution
(Figure 4). Most of the highly vulnerable regions were located near
major urban areas of central Ethiopia, clustering around the cities of
Addis Ababa (3.95 million people), Nazareth (Adama) (0.48 million
people), and Hawasa (0.58 million people) (ESS, 2023). Less vulnerable
locations tended to cluster in the periphery of these major urban areas
and between other large cities, such as Jimma (0.26 million), Dire
Dawa (0.36 million), Dessie (0.28 million), and Mekele (0.48 million)
(ESS, 2023). Fewer clusters were seen in the non-central, rural regions
due to the low population density in these areas. Indeed, population
density was the primary factor contributing to food insecurity,
according to the model. However, the population’s proximity to (and
dependency on) local crop production also played an important role.
Due to Ethiopias climate and geography, most of the arable land is
concentrated in central Ethiopia. Here, the elevated highlands provide

10.3389/fsufs.2024.1429171

favorable conditions for agriculture (Figure 1). In contrast, Ethiopia’s
southern and northern regions are mostly arid, rendering them
unfavorable for crop production. Thus, the populations residing in
central Ethiopia are at considerably greater risk of drought-related
food shortages than those in non-central regions.

The model also identified 520 suitable PtP sites for drought-
related disaster relief by cross-evaluating the food-insecure areas with
Ethiopias road network, which is buffered by a 9.1-km walking
distance (Figure 5). The majority of qualifying PtP sites occurred
within three primary zones surrounding the urban area of Mekele in
northern Ethiopia, the urban area of Addis Ababa in central Ethiopia,
and the urban area of Hawasa south of Addis Ababa. These potential
PtP sites corresponded closely to the food-insecure regions that were
identified previously. Three optimal PtP sites were subsequently
ascertained by aggregating the individual sites within a given zone and
weighing their food insecurity index values (Table 2; Figure 5).

The optimal sites occurred proximate to Mekele (S1), Addis Ababa
(S2), and Hawasa (S3). The complete set of PtP sites with their
corresponding drought vulnerability index values in the zones proximate
Mekele, Addis Ababa,
Supplementary Figures 52-54. Lowering the cut-off criteria to the second
highest risk category (i.e., very vulnerable) qualified 30 additional PtP
sites, most of which still cluster around these urban areas. These results

to and Hawasa are shown in

suggest that PtP siting in urban areas is flexible, offering many viable site
locations so long as the PtP sites fall within a few kilometers of the
metropolitan area. Only two sites south of Mekele were spatially isolated
(Figure 5), which may justify the deployment of a fourth PtP plant in that
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zone. Also, multiple food-insecure areas were identified between Hawasa
and Jimma (Figure 4), indicating that this region is somewhat vulnerable
to drought-related insecurity. However, according to the model criteria,
none of these regions qualified as very or extremely vulnerable
(Supplementary Figure S5).

The model was fairly robust and yielded sensible results. Most of the
PtP sites occurred in or near urban zones where the population density
is high, the road network is interconnected, and agricultural lands for
crop production are proximate. Furthermore, the model disqualified
only a few PtP sites for exceeding the maximum walking distance
constraint. These results were expected and consistent with the
population distribution data, which shows that most of the population
lives within 9.1km of a serviceable road. Lastly, very few PtP sites
occurred in the peripheral, non-central regions of the country where
the population density is low, serviceable roads are more divergent and
less interconnected, and crop production is less (Figure 5).

3.2 Centralized PtP plants satisfy protein
demands for extended periods after a
drought

While the citizens surrounding the three urban sites are
highly vulnerable to food shortages, centralized PtP deployment

Frontiers in Sustainable Food Systems

TABLE 2 PtP site locations close to the urban areas of Mekele (S1), Addis-
Ababa (S2), and Hawasa (S3) with their respective index value and
geospatial coordinates.

Site Index Coordinates

S1 0.94 39.5476912°E 13.4812289°N
S2 0.84 38.6171569°E 8.9063332°N
S3 0.80 38.6004906°E 7.1980388°N

would satisfy their protein demand for several months following
a drought, assuming a modest biomass collection radius of 35km
(Figure 6). Expanding the biomass collection radius should
increase the total protein output of the PtP plant, and thus extend
the duration of the protein supply. However, this trend did not
hold in all cases. For example, the protein supply duration for the
PtP site near Mekele (S1) increases drastically for a collection
radius of up to 40 km because Mekele is the only urbanized area
near the PtP site (Figure 6). At the same time, agriculture is
prevalent in the areas immediately surrounding the city center,
which leads to higher biomass availability per individual.
However, the supply period declines considerably beyond 40 km
due to the mountain ridge east of Mekele (Figure 1). This
topographical feature delineates the area where most agricultural
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activities cease, resulting in little additional biomass for PtP. Also, 3.3 Mobile PtP units can Complement food
the protein supply period in S2 decreases between a radius of 10 aid programs to address local food
and 20km due to the inclusion of the capital city, Addis Ababa, insecu I’ity
within the 20km radius (Figure 6). Here, the inclusion of
agricultural land is increasing slower than the population count. Under the given assumptions, a single mobile shipping
After a 30 km radius, the protein supply period increases again  container with the dimensions 12 x 2.4 x 2.7m (77.7 m?) could
because agriculture is more prevalent outside Addis Ababa. In the  conservatively accommodate a 1st-Stage bioreactor with a capacity
case of S3, the supply period increases quickly, then exhibits  0f 1983 L and a 2nd-Stage bioreactor with a capacity of 3,000 L. In
diminishing returns beyond the 20 km radius due to the inclusion =~ continuous operation, a PtP unit of this scale would yield
of the urban area of Hawasa and the relatively low food crop  approximately 38kg of protein per day, enough to cover the
productivity beyond the urban area (Figure 6). minimum protein requirement of ~680 people. Therefore, the rate
The long protein-supply periods predicted by the model  of protein production is relatively high. However, considering the
suggest that crop biomass availability for PtP in Ethiopia is  high population density in urban zones, multiple PtP units would
generally high, including in the food-insecure zones, which is  need to be distributed throughout the metropolitan area. The
consistent with an agrarian-based society. Moreover, these results ~ number and distribution density of mobile PtP units necessary to
underscore the high protein-conversion efficiency of PtP  meet the protein demand of the three largest demand zones (S1-
technology. However, there are supply logistics to consider. First, ~ S3) are given in Table 3.
PtP cannot be scaled to process the biomass quantities collected Several hundred thousand people live within the urban zones
in these larger collection areas at a single facility. Multiple PtP  around sites S1-S3. This would require deploying 700-5,800
facilities would need to be deployed in a centralized location to  mobile PtP units throughout the metropolitan areas at a
circumvent this issue. In addition, transporting biomass from  distribution density of 5.4-11units per km? Planning the
large geographic areas into a single urban area would deployment, the operation, and the supply logistics for this
be challenging and could overwhelm public roads and local civil ~ number of PtP units in an urban setting would be exceedingly
infrastructure. Indeed, most of Ethiopia’s economic activity relies ~ complex and unrealistic. However, our initial PtP unit design
on vehicular transport. Also, while the train network in Ethiopia  conservatively assumed a single PtP system per shipping container
is undergoing an expansion, it is currently limited and not suited ~ that occupies only 6.4% of the container space (total working
for extensive freight transport. Therefore, decentralized PtP  volume ~ 5 m’). Under optimistic assumptions, however, the
deployment may be more feasible than centralized PtP  container dimensions could theoretically accommodate a total
deployment because the supply routes would be distributed over ~ working volume of 50 m®. With this configuration, and assuming
a wider area and manageable by vehicular transport. the auxiliary equipment would fit into the remaining 27 m’ of
space, the number of required PtP units could be reduced by a
factor of 10 (i.e., ~70-580 containers) to satisfy the protein

demand of these urban areas.
= 600 Deploying mobile PtP units for disaster relief may be a viable
< 500 | ® strategy considering these more optimistic values. The deployment
8 400 N logistics to get the PtP units to the at-risk areas is also feasible. For
;§300 L ° © e : instance, ocean barges could deliver thousands of PtP shipping
220 a o . ¢ LI containers to a central seaport. Then, the containers could
g 00 | ¢+ * L= be transferred from the seaport to dry ports by train or vehicular
= " , A A transport. There are dry shipping ports in Mekele and additional ports
0 0—10 20 30 40 50 60 70 80 90 100 75km from Addis Ababa (Dilipan, 2022). Railways have already
Radius [km] connected the seaports in Djibouti to Mekele and Addis Ababa, and
sS1 W52 #83 & Comiry more railways are under construction (The Ethiopian Messenger,
2017). From there, short-distance transportation using lorries could
FIGURE® } be used to transport the PtP units to the designated sites. This

Protein supply periods for the sites close to the urban areas of

Mekele (S1), Addis-Ababa (S2), and Hawasa (S3) and the entire transport scheme would allow for relatively rapid disaster relief.
population of Ethiopia based on increasing biomass collection radii. Another advantage of a decentralized strategy is that it provides
greater accessibility for citizens - people would not need to walk long

TABLE 3 The demand and distribution density of mobile PtP units at sites S1-S3 assuming conservative and optimistic design parameters.

People within No. of PtP units needed Urban area [km?] PtP Unit density
urban area ( (conservative/optimistic) ( ) (conservative/optimistic)
) [unit] [unit/km?]
S1 480,198 705 /71 93 7.610.76
) 3,945,000 5,794 /579 527 /1.1
3 577,075 848 / 85 157 5.4/0.54
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distances to reach a PtP unit. However, feedstock supply logistics
would be more complex than the centralized deployment approach.
Also, operating this large number of PtP units would require many
trained technicians, resulting in high logistical effort and
labor expenses.

Considering the scenario with multiple reactors in a single
container, one PtP unit would require ~216 kg of anhydrous ammonia
(I) per day as a nitrogen source. At an equivalent volume of 0.3 m?,
the anhydrous ammonia (lig.) would occupy a relatively small
amount of space within the PtP container and be adequate for short-
term disaster relief (e.g., 1-2 weeks). On the other hand, sustained
operation over long periods would require periodic resupplying of
nitrogen. This relatively high N demand is expected because the
protein product is a nitrogen-rich macronutrient with 16% N content
(w/w). However, PtP is a contained system, so a large proportion of
the supplied N is recovered in the final product, with minimal losses
along the processing line, leading to an N-utilization efficiency of
>34%. About a third of the N is lost at the RNA reduction stage, while
moderate amounts are lost in the unrecovered liquid effluents.
Nitrogen is highly conserved in the 1st-Stage bioreactor because the
biocatalyst (C. ljungdahlii) is retained. Here, N supplementation is
only required to cover cell replacement and the N deficit in the
recycled water streams. Overall, the N-utilization efficiency of the PtP
system is considerably higher than plant-and animal-based protein
production (26 and 7%, respectively) (Pikaar et al., 2017) and would
emit minimal reactive nitrogen into the environment.

The estimated water demand of a mobile PtP unit would
be ~6,400 L per day (~26 L per kg protein), two-thirds of which is
consumed by the electrolyzer. The remaining one-third of the
water is required for bioreactor operation (e.g., media inputs).
However, ~85% of this water is conserved within the PtP system
due to internal water recovery and recycling with only minor
losses along the processing chain. For example, the separated
water from biomass centrifugation/drying can be collected and
reused as media diluents in the Ist-and 2nd-Stage bioreactors.
About 14% of the water losses occur as unrecoverable moisture in
the downstream processing effluents. Finally, a small amount of
moisture (~5%, w/w) is present in the final dry powder,
constituting a minor loss. Therefore, PtP should not excessively
burden the local water supply during drought.

The primary advantage of a centralized, industrial-scale PtP
facility is its production capacity. An industrial-scale facility with a
working volume of 1,000 m* could produce an estimated 7.6 tons of
protein per day. Four facilities of this scale would be sufficient to meet
the protein demand of all individuals in the urban area of Mekele at
site S1. However, industrial-scale facilities involve extended start-up
periods, making them less feasible for immediate disaster relief. For
example, the typical start-up period for an industrial-scale corn-to-
ethanol plant is 30-60 days (Sandor, 2019). While bioprocess kinetics
depend on many factors, including bioreactor design, operating
conditions, and inoculum source (Angenent et al., 2022; Posmanik
et al., 2020), pre-inoculated and preconditioned mobile PtP units
with much shorter retention times are technically conceivable, which
would provide more rapid disaster relief. Another considerable
advantage of mobile PtP technology is the ability to generate protein
on-site in areas suffering acute food insecurity, reducing dependence
on food delivery supply chains. Thus, mobile PtP systems could also
be used to complement conventional food aid efforts.
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3.4 Protein yields from PtP outperform
conventional agriculture

Conventional agriculture exerts pressure on the planet, using
finite resources such as land, water, fossil energy, and nutrients. These
agricultural practices generate considerable GHG emissions,
accounting for about a quarter of all anthropogenic emissions (Poore
and Nemecek, 2018). Detrimental consequences for the environment
are becoming increasingly visible, and this damage is impacting all
socio-economic sectors. Agriculture is particularly susceptible to
climate variability and extreme weather, especially drought events.
Consequently, agricultural yields of major crops are expected to
decline (Zhao et al., 2017). Decreased agricultural yields would, in
turn, require additional agricultural expansion and resource inputs to
keep up with the increasing food demand of a growing world
population. Agricultural expansion would then exacerbate emissions
and further drive climate change. Thus, the current food production
system would be trapped in a positive feedback loop of keeping up
with food demand and exacerbating climate change (Harvey and
Pilgrim, 2011). PtP technology offers an alternative.

For every ton of vegetal biomass, PtP provides approximately
390% more protein than the direct consumption of plants (Figure 7,
primary axis). This disparity in protein yield underscores the
remarkable efficiency of microbes in converting substrates into
protein. An additional comparison with animal-based protein further
highlights this advantage. Here, PtP would yield approximately 22
times more protein than animal protein, considering the same amount
of biomass. In the worst-case scenario, PtP is 44% less efficient than
plant-based protein but still 225% more efficient than animal-based
protein. Moreover, the amount of available biomass for protein
production relative to the local population varies considerably
between the study sites of Mekele (S1), Addis Ababa (S2), and Hawasa
(S3). Addis Ababa (S2) has relatively less available biomass for protein
production to supply its population compared to Mekele (S1) and
Hawasa (S3) (Figure 7, secondary axis). Thus, Addis Ababa would
benefit more from PtP than the other sites. Here, under the best-case
scenario, each ton of crop biomass allocated to PtP would provide
protein to 0.016% of Addis Ababa’s population, which is 3.2 times
more than plant-based protein and 16 times more than animal-based
protein. In Mekele (S1) and Hawasa (S3), the per capita biomass
availability is a magnitude greater than in Addis Ababa (S2). Here,
each ton of crop biomass allocated to PtP would provide protein to
0.135% of Mekele’s population and 0.113% of Hawasa’s population.
Finally, the per capita biomass availability can be several magnitudes
higher in rural populations, suggesting mobile PtP systems would
be particularly advantageous for these communities during
food shortages.

Alongside protein quantity, it is also important to consider the
digestibility and nutritional value of the protein. The amino acid
profile of yeast and other SCPs is generally richer in essential amino
acids than soy meal and other plant protein sources (Jach et al., 2022;
Overland et al., 2010). Moreover, plant-based diets often lack sufficient
levels of vitamin B3 (Shepon et al., 2018). In contrast, B vitamins
occur at relatively high levels in yeasts (Jach et al., 2022). For example,
Schmitz et al. (2024) recently applied a two-stage bioprocess similar
to the PtP process described here, but with the goal of producing
vitamins (power-to-vitamins), in addition to protein. The researchers
were able to grow yeast biomass containing vitamin B9 (folate) at high
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FIGURE 7
PtP protein yields in a best-case and a worst-case scenario compared to the protein yield of plants and animals from the same quantity of crop
biomass on the primary axis. The secondary axis shows the fraction of daily protein demand of the urban areas’ population near the potential sites
supplied per t of crop biomass in the best-case, worst-case, and plant-and animal-based scenarios.

levels (6.7 mg per 100g) (Schmitz et al., 2024). The recommended
dietary intake of vitamin B9 is 400 pg-d™" (Herbert, 1987). So, besides
providing higher protein yields from equivalent substrate quantities,
PtP should offer nutritional benefits on par with or superior to
plant-and animal-based protein sources.

These results highlight the potential of PtP technology. PtP can
salvage protein and essential nutrients from crops that are otherwise
lost during a drought. The results also advocate leveraging healthy
crops for PtP production. However, dedicating arable land for PtP
production is not necessarily sustainable because it may not satisfy the
population’s social needs. Traditional culinary uses of local vegetables
and meat underpin the cultural identity and values of the Ethiopian
people and the economy. Microbial-based foods may be an inadequate
or unaccepted substitute. Therefore, PtP may better serve societal
needs by valorizing readily available waste materials (Matassa et al.,
2020), such as dead crops, crop residues, or inedible vegetal biomass
grown on marginal land, to complement the local food system, rather
than replace it. Still, the issue of land and material ownership rights
would need to be addressed with some form of compensation. Despite
the loss of biomass due to drought or as waste, these crops or residues
are taken from arable land owned by farmers that required effort and
expenditure to cultivate. Therefore, the farmers should be provided
monetary compensation (e.g., flat rate payments, tax incentives) to
supply their crops to PtP production.

4 Outlook and conclusions

Analysis of Ethiopia’s drought vulnerability revealed many
food-insecure areas nationwide. Further indexing identified three
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highly at-risk sites, signifying the optimal locations for PtP
deployment in a drought scenario. According to the model, the
protein yields generated by these PtP plants would be sufficient to
sustain the protein requirements of the local population for
extended periods, suggesting PtP could be a practical disaster relief
strategy. Moreover, PtP could be deployed using a centralized
approach, with dedicated large-scale infrastructure, or a
decentralized approach, with mobile, small-scale PtP units. While
each strategy offered unique advantages, decentralized PtP units
emerged as the preferable choice due to their rapid deployment
capability and short start-up period.

PtP’s independence from climate and its resource-use efficiency
make it a promising technology for ordinary use beyond disaster
relief. In arid areas where water is already scarce, PtP could
generate protein more effectively than crops that require large
amounts of water for irrigation. At the same time, PtP would
require less land and use nutrients more efficiently. Also, industrial
CO, sources and dry organic waste could additionally serve as PtP
feedstock, increasing the protein supply considerably, especially
near metropolitan areas. Therefore, having a dedicated PtP
infrastructure would be advantageous because it would contribute
to a steady food supply and make the population more resilient in
all scenarios.

Most of the potential PtP locations predicted by the model cluster
in areas with high populations and population densities. In a drought
scenario, people in more urban areas may have greater access to
nutritional supplies than people in more rural areas. Individuals in
urban areas also may have more financial resources to access food if
there are shortages due to drought. Given that the mobile units
provide sufficient protein to small groups of individuals, future studies
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could investigate strategies for deploying mobile PtP units to aid rural
communities specifically.

In the end, successful PtP implementation can depend on
subjective factors such as consumer acceptance. PtP is a novel and
unfamiliar food source that has not become normalized in the
standard diet anywhere in the world, let alone in Ethiopia. If PtP
fails to gain acceptance among the local population, deploying PtP
in at-risk areas becomes impractical. However, it is reasonable to
assume people would be amenable to PtP during food shortages and
crisis situations. Also, the use of yeast should help foster consumer
acceptance. In conclusion, and considering the predicted increase
in drought severity due to climate change, PtP technology holds
promise as a potential measure to address localized food
insecurities, especially when implemented alongside other food
aid programs.
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