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a b s t r a c t

The growing scarcity of resources for feed production and environmental concerns highlight the
unsustainability of conventional feed sources. Insect farming is considered as an alternative feed due to
its low land and water requirements, its low ecological footprint, and circular economy contribution by
converting biowaste into high-quality feed ingredients. While there is growing research on the technical
feasibility and nutritional performance of insect-based feed, its potential beneifts are not quanitified.
Using experimental and secondary data, we assess the potential socio-economic benefits of black soldier
fly larvae meal (BSFLM) to the Kenyan poultry sector. We find that replacing 5e50% of the conventional
feed sources (fishmeal, maize, and soya bean meal) by BSFLM can generate a potential economic benefit
of 69e687 million USD (0.1e1% of the total GDP) and 16e159 million USD (0.02e0.24% of the GDP) if the
entire poultry sector (the commercial poultry sector) adopts BSFLM. These could translate to reducing
poverty by 0.32e3.19 million (0.07e0.74 million) people, increasing employment by 25,000e252,000
(3300e33,000) people, and recycling of 2e18 million (0.24e2 million) tonnes of biowaste. Further, our
findings show that replacing the conventional feeds by 5e50% BSFLM in the commercial poultry sector
would increase the availability of fish and maize that can feed 0.47e4.8 million people at the current per
capita of fish and maize consumption in Kenya. Similarly, the foreign currency savings can increase by 1
e10 million USD by reducing feed and inorganic fertilzer importation. These findings suggest that greater
investment to promote BSFLM could boost economic, environmental and social sustainability.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In the face of climate change, satisfying the demand for animal
feed is increasingly becoming a global concern (Halloran et al.,
2017; Mungkung et al., 2013; Smetana et al., 2016; van Huis,
2015; van Zanten et al., 2015). The conventional natural resources
used to produce animal feed are not enough to fulfill the growing
demand for animal products due to population growth, urbaniza-
tion, and increasing income (Allegretti et al., 2018; Davis et al.,
2016; Dobermann et al., 2017; FAO, 2019a; van Huis et al., 2013).
Feed production is also constrained by food-feed competition and
limited availability of land, fertilizers, energy and water.
assie@icipe.org (M. Kassie),
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The imbalance between demand and supply, in turn, increases
the prices of inputs and poultry products (Makkar et al., 2014; van
Huis et al., 2013). Over the last two decades, the global prices of
fishmeal, maize, and soya bean meal increased by 70%, 65%, and
94%, respectively (World Bank, 2018a). During the same period, the
rise in the global price of eggs and poultry meat was relatively
small, amounting to 15% and 30%, respectively (FAO, 2019b; World
Bank, 2018a). High feed prices impact the poultry industry by
reducing producers’ profit. Rises in the prices of eggs and poultry
meat may also lead to social and political unrest. Collectively, these
issues represent challenges on livestock production, human beings
and the environment.

The use of insects as ingredients in animal feed is one potential
solution to these constraints (Chia et al., 2019; Dobermann et al.,
2017; Ewald et al., 2020; Lalander et al., 2015; Makkar et al.,
2014; van Huis et al., 2013). Insect farming has several benefits
along the feedepoultry value chain. Firstly, insects could be high-
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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quality feed. For example, black soldier fly (BSF), which is the
subject of this paper, constitutes 38.5e62.7% crude protein,
14.0e39.2% fat and 5282 kcal/kg of gross energy. The larvae are rich
in micronutrients (iron, calcium, and zinc) and essential amino
acids such as lysine, threonine, and methionine, which are major
limiting in cereals- and legumes-based diets for poultry
(Dobermann et al., 2017; Halloran et al., 2017; INRA-CIRAD-AFZ,
2020; Khusro et al., 2012; Mwangi, 2019; Nyingi, 2019; Onsongo
et al., 2018; Onyoni, 2019; Sumbule, 2019; van Huis et al., 2013;
Verkerk et al., 2007). Because of its high fat and energy content, BSF
larvae could replace conventional energy sources such as maize,
which has lower energy content (4450 kcal/kg of gross energy)
than BSF larvae (Anand et al., 2008; INRA-CIRAD-AFZ, 2020). High-
quality insect feeds may contribute not only to increased produc-
tivity but also reduce the cost of feed, which may reduce the price
of eggs and poultry meat.

Secondly, as a new business venture, insect farming can create
new jobs. It can also contribute to improved food security and in-
come by providing a cheaper source of poultry feed and organic
fertilizer, reducing food-feed competition, and diversifying income-
generating opportunities of insect-producing farmers and other
actors (Veldkamp and Bosch, 2015). Insect farming can also
contribute to economic empowerment of vulnerable groups such as
women and young farmers because of its low requirement of
capital, land, and water (Hanboonsong et al., 2013).

Thirdly, a shift to an insect-based feed offers circular economy
opportunities and thus enhances environmental cleanup services
by recycling biowaste and greenhouse gas emissions (Ermolaev
et al., 2019; Mertenat et al., 2019; Pang et al., 2020; PROteINSECT,
2016). Given that safe waste disposal remains a challenge in
many low-income countries, insect farming not only reduces waste
disposal costs but also contributes to better health (Dobermann
et al., 2017; Halloran et al., 2017; van Zanten et al., 2015). The
organic fertilizers produced from the insect farms may further
enhance environmental sustainability and food security
(Beesigamukama, 2019; Dobermann et al., 2017; Halloran et al.,
2017; Onyoni, 2019; van Zanten et al., 2015).

Fourthly, domestically produced insect feed might help to save
foreign currency by substituting it for imported conventional feeds
and inorganic fertilizer. Such savings are especially important for
many low-income countries that are not self-sufficient in animal
feed and inorganic fertilizer as the savings can be used for other
development activities.

While there is a growing body of research assessing the tech-
nical feasibility and nutritional performance of insect-based feeds,
little is known about the potential economic benefits of insect feed
(Roffeis et al., 2018). In this paper, we fill this knowledge gap by
quantifying the potential socio-economic benefits of introducing
black soldier fly larvae meal (BSFLM) in the Kenyan poultry feed.
Specifically, we assess the potential socio-economic benefits of
BSLFM as a partial replacement for conventional feed protein (i.e.,
fishmeal and soya bean) and energy (maize). We evaluate the effect
of BSF farming on consumer and producer surplus, foreign currency
savings, employment, food security, and poverty reduction. We
contribute to the limited literature on the cost-saving effects of
quality protein and biofortified maize (de Groote et al., 2010;
Krishna et al., 2014). The findings of the study also inform policy-
makers to invest in research and development of the insect sub-
sector in Kenya and beyond.

Although Kenya is one of the few African countries with a
relatively well-developed animal feed industry, the country re-
mains not self-sufficient (Bergevoet and Engelen, 2014; KMT,
2016a; Onono et al., 2018; USDA, 2014). Up to 40% of the feed de-
mand is fulfilled through imports (USDA, 2014). The introduction of
insect farming may contribute to fulfilling the unmet feed demand.
Waste disposal is also one of the key challenges of Kenya (Kasozi
and von Blottnitz, 2010; Soezer, 2017). Apart from providing qual-
ity protein feed and reducing the cost of feed, black soldier fly
farming can offer awide range of other benefits to Kenya’s economy
ranging from improving circular economy and environmental hy-
giene through recycling wastes (Chia et al., 2018; Kasozi and von
Blottnitz, 2010), and production of organic fertilizers that can
boost farm productivity and food security, especially in home gar-
dens in both rural and urban areas (Beesigamukama, 2019; Onyoni,
2019). Kenya is one of the countries where the culture of rearing
insects is emerging (Kelemu et al., 2015). The country is also sup-
porting the insect farming sector by introducing standards for the
use of dried insect products in compounded animal feed (KBS,
2016).

2. Estimation methods and data sources

This section describes the data and methods used to estimate
the potential economic surplus, foreign currency saving, employ-
ment, food security, and poverty reduction benefits of introducing
BSFLM to the Kenyan poultry sector. A Combination of experimental
and secondary data sources are used. Before we move to the
method sub-sections, it is important to bring to the attention of the
readers that there is no actual data on adoption because BSFLM is
recently introduced in Kenya. In our benefits estimation, we,
therefore, assume three plausible adoption rates of BSFLM in the
poultry sector: 5%, 15%, and 50%. The immediate sensitization of
beneficiaries and commercialization of BSFLM could replace exist-
ing fishmeal, maize, and soya bean meal in the ranges of 5%e15%.
These adoption rates are lower bounds because experimental
studies show that insect-based feed could replace conventional
feeds by anything from 10% to 100% without affecting the poultry’s
growth or production performance (Makkar et al., 2014; Onsongo
et al., 2018; Schiavone et al., 2018; Veldkamp and Bosch, 2015).
However, the full transition from conventional feed sources to feeds
with insect meals inclusion may not happen in the short-run
because convincing actors along the value chain may require
some time. In the short-run, producers’s fear of risk, limited in-
formation about the technology, lack of capacity and skills, pro-
ducers and consumer preferences, and supply constraints may
impede adoption, and the adoption might not go beyond a 5e15%.
The adoption of BSFLM of 5e15% will reflect the benefits that could
potentially accrue in the short-run. On the other hand, in the long
run, adoption constraints will be relaxed through continuous
awareness creation, capacity building, policy dialogue, learning by
doing, providing more evidence on the cost and benefits of the
technology to stakeholders, including policymakers. These will
enable to change the behavior of stakeholders, which may enhance
the adoption of the technology. The 50% adoption rate may thus
indicate the long-run benefits of the BSFLM once actors along the
value chain have enough information about it, and enough BSFLM
are available in the market.

2.1. Estimation of economic surplus

We use the economic surplus model to quantify the potential
producer and economic surplus of using BSFLM (Alston et al., 1995).
In the economic surplus model, the benefit of the technology to
producers and consumers depends on the type of markets
assumed. In the absence of external trade (a closed economy), the
benefit of the technology is shared between producers and con-
sumers. A closed economy assumption is plausible in the context of
Kenya because the import and export of eggs and poultry meat is
less than 1% (FAO, 2019b). In a closed economy, a technology-
induced supply increase in the volume of eggs and poultry meat
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would reduce the equilibrium price. This paper estimates the ex-
ante effect of BSFLM, which shows the potential benefit of the
technology before its wide-scale introduction in Kenya.

The introduction of a new livestock technology such as the
BSFLM directly influences producers through increasing produc-
tivity and reducing production costs and indirectly influences
consumers due to a reduction in the prices of animal products. The
direct effects of the technology are represented by the K-shift
parameter, which represents the proportionate shift in the supply
curve or the per-unit production cost reduction due to the tech-
nology (Alston et al., 1995). The K -shift parameter is defined as:

Km ¼
�
ATTym

ε

� ATTcm
1þ ATTym

�
� r (1)

where the index m stands for eggs and meat products. ATTym rep-
resents the proportionate change in the productivity of eggs and
poultry meat, and ATTcm is the proportionate change in the cost of
production of eggs and poultry meat due to the introduction of
BSFLM. The estimates of ATTym for eggs and poultry meat are ob-
tained from an experiment involving broilers and laying hens
conducted in Kenya (Mwangi, 2019; Nyingi, 2019; Onsongo et al.,
2018; Sumbule, 2019). Black soldier fly larval based feeds in-
creases egg productivity and production costs by 22% and 1%,
respectively (Mwangi, 2019; Nyingi, 2019; Sumbule, 2019). The
changes in poultry meat productivity and production costs are 11%
and �7%, respectively (Onsongo et al., 2018). The price elasticity of
supply (ε) for poultry products is 0.40 (Schiff and Montenegro,
1995). The K-shift parameter is calculated for eggs and poultry
meat separately. The K-shift parameter in Equation (1) is weighted
by the adoption or replacement rate (r) of conventional feeds by
black soldier fly larval based feeds in the poultry sector.

Once the K-shift parameter is estimated, we calculate the total
change in economic surplus accrues to consumers and producers of
eggs and poultry meat. The changes in producer surplus (DPSm) and
consumer surplus (DCSm) is computed as follows (Alston et al.,
1995):

DPSm ¼ PmQmðKm� ZmÞð1þ0:5ZmhmÞ (2)

DCSm ¼ PmQmZmð1þ0:5ZmhmÞ (3)

where Pmis an average producer price of eggs (2213 USD per t) and
poultry meat (4279 USD per t) over the period 2012e2016 (FAO,
2019b), and Qm is represented by the 2012e2016 average quan-
tity of production of eggs (79,583 t) and poultry meat (26,634 t)
(FAO, 2019b). Zm is the relative change in price of eggs and poultry
meat (Zm ¼ Km � ε=ðε þ hm) (Alston et al., 1995), while hm is the
absolute price elasticity of demand, which is 0.74 for eggs
(Cornelsen et al., 2016) and 0.64 for poultry meat (Shibia et al.,
2017). The sum of DPSm and DCSm provides the change in total
economic surplus due to BSFLM.
1 Optimal feed demand is the total feed required to feed chicken if the daily
recommended amount of feed is given to the chicken.

2 The Kenyan poultry industry comprises both smallholder and large-scale
commercial producers. The majority of the birds (83%) are indigenous managed
by smallholder farmers while the remaining 17% are managed by commercial
poultry industry (Vernooij et al., 2018).
2.2. Estimation of foreign currency savings due to black soldier fly
farming

Replacing imported feedwith domestically produced insect feed
would save foreign currency. The foreign currency saving is esti-
mated via Equation (4), namely:

F ¼
X
j

r �Mjq � Pjq (4)

where F is foreign currency saved by substituting proteins (fish-
meal and soya bean meal) and energy (maize) with BSFLM; j is the
index referring to fishmeal, maize, and soya bean meal; r is the
adoption or replacement rate of conventional feeds by BSFLM (%);
Mq is Kenya’s estimated average imported fishmeal (4968 t) and
soya bean meal (18,430 t) for poultry feed for the period
2009e2013 (FAO, 2019b; KMT, 2016b), as well as the estimated
annual average imported maize (10,500 t) for poultry feed (per-
sonal communication, Association of Kenya Feed Manufacturers
(Akefema)). Pq represents the average price of fishmeal (1552 USD
per t) and soya beanmeal (451 USD per t) for the period 2009e2013
in the international market (World Bank, 2018b), while the average
price of imported maize for feed is taken as 337 USD per t (personal
communication, Akefema Chairperson).

As mentioned in the introduction section, organic fertilizers are
key by-products of insect farming. This means that the organic
fertilizer has the potential to substitute imported inorganic fertil-
izers, which save foreign currency and improve environmental
services. Given that most farmers in Africa struggle to access
inorganic fertilizers, the mass production of organic fertilizers
could help smallholder farmers. The potential economic gains from
BSF- composted organic fertilizers are estimated using Equations
(5)e(7), namely:

QS¼ qf �
�
r� iq

�
(5)

QNPK ¼p� QS (6)

VNPK ¼ PNPK � QNPK (7)

where QS, is the quantity of organic fertilizer generated from the
BSF farms, qf represents 6 t of composted BSF fertilizer per t of dry
BSFLM production (Beesigamukama, 2019), r is the adoption or
replacement rate of conventional feeds by BSFLM (%), andiq is the
optimal poultry feed demand (t) (Table 1).1 QNPK is the quantity of
nitrogen (N), phosphorus (P), and potassium (K) fertilizers pro-
duced. p represents the N, P, and K content of the composted BSF
frass, 2.14% N, 0.85% P, and 0.58% K (Beesigamukama, 2019). VNPK is
the value of organic fertilizers, and PNPK is the average price of N, P,
and K in Kenya. We use the price for N, P, and K 585, 732, and 519
USD per t, respectively (Africa Fertilizer, 2019).

In equations (5)e(7), QS, QNPK , and VNPK depend on the
optimal poultry feed demand (iq) replaced by BSFLM, which in turn
depends on whether the commercial poultry sector or the small-
holder poultry farmers will adopt BSFLM.2 In the short-run,
smallholder poultry farmers are unlikely to take BSFLM because
of risk considerations and lack of information about the technology.
The existing insect feed processors in Kenya also targets the com-
mercial poultry sector. We estimate the benefits potentially accrued
from organic fertilizers in two scenarios. In scenario 1, we assume
that the commercial poultry sector (CPS) will only adopt BLSFM in
the short-run. In Scenario 2, the CPS and traditional indigenous
poultry sector (the entire poutry sector) will adopt BSFLM. The
adoption of BSFLM by the entire poultry sector is likely to takemore
extended period, and it may show benefits of large-scale adoption
of BSFLM in the long-run.

b The parameters for layers and broilers are based on informa-
tion provided by the National Farmers Information Service of Kenya
(NAFIS, 2019). For the indigenous poultry, we used the average of



Table 1
Poultry optimal feed demand.

Breed type Feed demand (t)

Number of chickens (millions) a Optimal recommended feed (g/fowl/day) b Life expectancy Commercial poultry sector Entire poultry sector

A C D E ¼ A � C � D F ¼ A � C � D

Layers 5.49 82 365 163,531 163,531
Broilers 1.83 92 49 8229 8229
Indigenous 35.82 87 365 Not applicable 1,134,244
Total 43 171,760 1,306,004

a The number of chickens by breed type estimated based on Vernooij et al. (2018).

Z. Abro et al. / Journal of Cleaner Production 265 (2020) 1218714
layers and broilers.

2.3. Employment effects

As a new economic activity, BSF farming will create job oppor-
tunities. This is particularly crucial in developing countries where
the youth unemployment rate is significant. In Kenya, the youth
unemployment rate is 12% of the 10.7million Kenyans aged 15 to 34
who are part of the labor force (KNBS, 2018a). The unemployment
rate is higher for females thanmales. Equations (8) and (9) estimate
the employment effects of insect farming:

N¼ l� r � iq
H

(8)

E¼w� N (9)

where N represents the number of people who could directly be
employed in the production of BSFLM, and l represents labor hours
required to produce one t of BSFLM (815 h).3 We obtain the values
of l from BSFLM producing companies in Kenya: SANERGY Ltd and
Ecodudu Ltd. r is the adoption or replacement rate of conventional
feeds by BSFLM (%). iq is the optimal poultry feed demand (t) (see
Table 1), whileH represents the total labor hours per year (26 � 8 �
12 months ¼ 2496Þ, assuming a worker spends 26 days per month
on an insect farmworking 8 h a day for 12 months. E represents the
earnings of labor, and w is the wage rate (2075 USD per year)
currently paid by SANERGY Ltd and Ecodudu Ltd.

In equations (8) and (9), it is important to note that the esti-
mated values depend on the optimal poultry feed demand (iq)
replaced by BSFLM. The employment effects of adopting BSFLM is
therefore estimated using the two scenarios (CPS and entire poultry
sector) discussed in the previous sub-section. It is also important to
note that BSF farming and its introduction into the poultry sector
may affect the performance and employment of other actors along
the value chain. However, the computation of the employment
effect here focuses only on BSF farming because we do not have
employment data for other actors along the insect-farming value
chain.

2.4. Food security effects

If BSFLM replaces fishmeal (omena) ,4 maize, and soya bean used
for poultry feed, food availability in the country will impro-
vedcontributing to food security. Poor Kenyans prefer Omena
because it is cheaper than red meat and other fish types (KMT,
2019). In addition to the villages where it is harvested, omena is
3 This is without considering the amount of time spent on collecting organic
waste for BSF farming because there is no data on this.

4 A small cyprinid fish species commonly used for food and feed in the Lake
Victoria region of East Africa (Legros and Luomba, 2011).
available throughout supermarkets in Kenya. Increasing the volume
of omena for human consumption is likely to benefit Kenyans,
especially the poor. The benefits that could be obtained if the
omena-based feed were replaced by BSFLM can be computed using
Equations (10) and (11):

Qomena ¼ r � omenafeed (10)

Nf ¼
Qomena

Cf
(11)

where omenafeed represents domestically harvested omena used as
poultry feed (t); r is the adoption or replacement rate of conven-
tional feeds by BSFLM (%); Qomena represents the volume of omena
available for human consumption obtained by replacing omena
feed with BSFLM; and Nf is the number of people that could be fed
with the replaced omena at the current per-capita fish consumption
(Cf ) in Kenya (see Table 2).

To estimate the food security benefit when BSFLM replaces the
soya beanmeal, we reallocate land used for soya bean production to
staple-food maize production. Because direct human consumption
of soya bean production is less common in Kenya, the conversion of
land to maize production may not affect the nutritional benefits
(e.g., protein) of soya bean. Nearly 90% of total soya bean production
is used for animal feed,of which 63% is a poultry feed (Chianu et al.,
2008). Equations (12)e(14) estimates the food security benefit of
reallocating soya bean land to maize production for food:

As ¼
r � Sf
Ys

(12)

Qm ¼ðAs �YmÞ þ
�
r�Mfeed

�
(13)

Nm¼Qm

Cm
(14)

In Equation (12), Asis the amount of area that could be reallo-
cated from the production of soya beans to maize; r is the adoption
or replacement rate of conventional feeds by BSFLM (%); Sf is
quantity of soya bean used for poultry feed (t); and Ysrepresents the
average productivity of soya bean. In Equation (13), Qm represents
maize production resulted from reallocation of land for soya bean
to maize production (t), Ym is the productivity of maize, andMfeed is
maize production used as poultry feed (t).

About 3% of domestically-produced maize is used as animal
feed, and, of this, 64% goes to poultry (USDA, 2014). In Equation
(14), Nm represents the number of people that could be fed by the
additional maize produced at the current per-capita maize con-
sumption (Cm) (see Table 2).



Table 2
Data used to estimate the food security effects of adopting BSLFM.

Variables Average value Source

Domestic omena used for poultry feed (2011e2015) (t) (QomenaÞ 33,015 Authors’ estimate a

Price of omena (2011e2015) (USD/t) (PomenaÞ 931 Farmgate prices
Fish consumption (2009e2013) (kg/person/year) (Cf Þ 3.82 FAO (2019b)
Domestic production of soya bean used for poultry feed (2013e2017) (t)a (Sf Þ 1460 Authors’ estimate a

Productivity of soya beans (2013e2017) (t/ha) (Ys) 1 FAO (2019b)
Productivity of maize (t/ha) (2013e2017) (YmÞ 1.82 FAO (2019b)
Domestic production of maize used for poultry feed (2013e2017) (t) (MfeedÞ 67,030 Authors’ estimate a

Maize consumption (2009e2013) (kg/person/year) 77 FAO (2019b)
Producer price of maize (2011e2015) (USD/t) 320 FAO (2019b)

a Domestic production of omena, soya bean, andmaize used for poultry feed is as follows. The average omena harvest between 2011 and 2015was 67,378 t. Of these, 47,165 t
goes to animal feed and 70% of it is poultry feed (Kariuki, 2011). Between 2013 and 2017, the average soya bean production was 2317 t and 63% of it goes to poultry feed
(Chianu et al., 2008; LC, 2016). Finally, the averagemaize production for the stated period was 3,491,172 t (KNBS, 2018b) and 3% of this was used as poultry feed (USAID, 2010).

Fig. 1. The K-shift parameter (%) at 5e50% adoption rates.
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2.5. Total economic benefits of black soldier fly farming and its
effect on poverty reduction

The total economic benefits (TEB) to the Kenyan economy due to
adoption of BSF farming is computed as follows:

TEB¼DPSþ DCSþ F þ VNPK þ E (15)

We used the total economic benefits to compute the poverty
reduction effect of adopting BSFLM.Most Kenyans live in rural areas
where poverty is widespread. Black soldier fly larval meal induced
poultry productivity gain can benefit the poor along the value
chain, thereby contributing to poverty reduction. The number of
people who could potentially escape poverty is estimated as fol-
lows (Kassie et al., 2018).

Pov¼
�

TEB
LGDP

� d

�
� NP (16)

In Equation (16), Pov is the number of people that can be lifted
out of poverty, TEB represents the total economic benefits associ-
ated with the adoption of BSFLM, and LGDP represents Kenya’s
livestock gross domestic product. The five-year average LGDP for
2013e2017 is 3 billion USD (KNBS, 2018b; World Bank, 2018b).
Poverty elasticity to LGDP, which is �0.88, is represented by d

(Thurlow et al., 2007) ,5 while NP denotes the number of people
who live below the poverty line in Kenya, namely 16.4 million, 71%
of whom live in rural areas (KNBS, 2018c).
Table 3
Economic surplus due to adoption of black soldier fly larval meal.

Benefits Adoption rates (%)

5 15 50
3. Results and discussions

3.1. Estimated economic surplus

We estimate the K-shift parameter for eggs and poultry meat
separately (Fig. 1). At a 5% BSFLM adoption level, the Kenyan
economy enjoys per-unit cost reduction of 2.7% in egg and 1.7% in
poultry meat production. Similarly, a 15% adoption could reduce
the unit cost of production by 8% for eggs and 5% for poultry meat.
The long-term effect of BSFLM, at a 50% adoption rate, can reduce
the cost of production by 27% in egg and 17% in poultry meat
production.

The per-unit production cost reduction would result in a 7e69
million USD in economic surplus (see Table 3). This represents 3%e
31% of Kenya’s average poultry GDP of 225 million USD between
2013 and 2017. This estimate is also 0.01%e0.11% of Kenya’s GDP
(KNBS, 2018b, 2016).
5 The povertyegrowth elasticity is the average of elasticities of rural (�1.58) and
urban (�0.58) areas (Thurlow et al., 2007).
3.2. Foreign currency savings

Fig. 2 shows the estimated foreign currency that could be saved
by replacing fishmeal, maize, and soya bean meal by BSFLM. The
estimated foreign currency savings are between 1 million USD per
year in the short-run to 10 million USD per year in the long-run at a
50% adoption rate.

Table 4 shows the estimated foreign currency savings due to the
production of organic fertilizers as a by-product of BSF farming. The
total quantity of organic fertilizers (N, P and K) estimated to be 13,
987 (1840)e139,873 (18,395) t, assuming BSFLM is adopted in the
entire poultry sector (commercial poultry sector). This estimated
quantity of organic fertilizers in the entire poultry sector (com-
mercial poultry sector) represents 2.13% (0.28%) to 21.34% (2.81%) of
the inorganic fertilizer import between 2013 and 2017, namely
655,597 t (KNBS, 2018b). In monetary value, this is equivalent to
9e85 million USD (1e11 million USD). In the future, it is crucial to
understand the value of organic fertilizer on crop production. The
on-station experiment in Kenya shows that combining organic
fertilizer from BSF farming with conventional fertilizers increases
yields of french beans, kale, tomato andmaize by 41%, 34%, and 26%
and 32%, respectively, compared with applying inorganic fertilizers
alone (Onyoni, 2019).

Table 4 also presents the contribution of BSFLM production to a
Producer surplus (DPS) (millions of USD) 4.29 12.96 44.15
Consumer surplus (DCS) (millions of USD) 2.43 7.33 24.96
Total surplus (millions of USD) 6.72 20.30 69.10



Fig. 2. Foreign currency savings (million USD) of replacing fishmeal, maize, and soya
bean meal by black soldier fly larval meal per annum in Kenya.

Table 5
Employment benefits of black soldier fly farming.

Benefits Commercial poultry
sector (CPS)

Entire poultry sector

Adoption rates (%)

5 15 50 5 15 50

Number of jobs 3314 9942 33,140 25,199 75,596 251,987
Earnings (Million US$) 6.88 20.63 68.76 52.28 156.85 522.85

Fig. 3. Increase in fish and maize production for human consumption (0000 t) if black
soldier fly larval meal partially replaces key conventional feed sources.
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circular economy through recycling waste. Using BSFLM in the CPS
at a 5% adoption rate alone, the recycled biowaste is equivalent to
57% of the 422, 290 t of biowaste Nairobi releases annually (World
Bank, 2019). A 15% adoption of BSFLM by the CPS would completely
consume Nairobi’s total biowaste each year and may demand
additional biowaste from other sources (e.g., other towns).
3.3. Employment benefits of black soldier fly farming

Black soldier fly farming has the potential to provide
25,000e76,000 additional jobs if BSFLM replaces conventional
feeds by 5e15% across the entire poultry sector. Similarly, if the CPS
uses BSFLM at a 5e15% adoption rate, the increase in employment
would potentially be between 3300 and 10,000 jobs (see Table 5).
This is equivalent to reducing the country’s youth unemployment
by 0.03e0.09%, whichwas 10.7 million in 2015/16 (KNBS, 2018a). At
a 50% adoption rate, the employment effect could increase the
number of jobs by 33,000 for the CPS, and by 251,000 for the entire
poultry sector. These are respectively 0.31% and 2.36% of the un-
employed youth in Kenya. Given the high youth unemployment
rate in Kenya (12%), these figures show that insect farming offers
immense opportunities for new job creation. This is at least at par
with�if not more than�the urban employment target (4200 jobs
per year) set by the Ministry of Environment and Natural Resources
of Kenya for solid waste recycling using a circular economy
approach (Soezer, 2017). The employment benefits would become
evenmore significant if other actors, such as sellers of substrates for
Table 4
Organic fertilizers and the environmental benefits of BSF farming.

Benefits Commercial poultry producers (CPS)

Adoption rates (%)

5 15

N production (t) 1103 3308
P production (t) 438 1314
K production (t) 299 897
Total organic fertlizers (N-P-K) (t) 1840 5519
N-P-K values (Millions of USD) 1 3
Total biowaste recycled (t) 240,464 721,391
BSF rearing, processors of organic fertilizers, and sellers of organic
fertilizers (including shopkeepers and transporters), were included
in the employment benefit computation.

At a 5e15% adoption rate in the CPS scenario alone, workers’
combined earnings could be between 7 and 21 million USD per
year. If the entire poultry sector adopts BSFLM, the workers’ com-
bined earnings could reach 52e157million USD at the lowest levels
of adoption, namely 5e15%. The employment benefits would more
than double as the BSFLM adoption rate increased to 50% in the
long-run (Table 5).
3.4. Food security effects

Fig. 3 represents the additional amount of maize produced and
omena harvested that would be available for human consumption if
BSFLM replaced omena-based fishmeal, maize, and soya bean meal.
At a 5 and 15% BSFLM adoption rate, Kenya could produce an
additional 3480 and 10,450 t of maize, respectively. This represents
0.69e2% of Kenya’s average imported maize between 2013 and
2017, which was about 501,813 t (KNBS, 2018b). Similarly, if BSFLM
replaces fishmeal by 5 and 15%, it could respectively increase the
availability of omena fish for human consumption by 1650 and
4950 t annually. The estimated amount of fish (omena) that can
The entire poultry sector

50 5 15 50

11,027 8385 25,154 83,845
4380 3330 9991 33,303
2989 2272 6817 22,724
18,395 13,987 41,962 139,873
11 9 26 85
2,404,638 1,828,406 5,485,217 18,284,056



Table 6
Number of additional people that can consume fish and maize production if black
soldier fly larval meal partially replaces key conventional feed sources (fish meal,
maize and soya bean meal).

Adoption rates (%) Number of people fed by the extra production

Fish Maize Total

5 431,913 45,435 477,348
15 1,295,738 136,306 1,432,044
50 4,319,125 454,354 4,773,480
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instead be used for human consumption constitutes 8e23% of the
average fish imported between 2013 and 2017, namely 21,574 t
(KNBS, 2018b). In the long run, at the 50% adoption rate of BSFLM,
availability of omena�the fish of poor� and maize�the food se-
curity crop� for food consumption can increase by 17,000 t (77% of
fish import) and 35,000 t (7% of the maize import), respectively.
Furthermore, a 5e50% adoption of BSFLM can increase the number
of people consuming fish and maize by 0.48e4.8 million at the
current level of fish andmaize consumption per capita (see Table 6).
3.5. Poverty reduction implication of the estimated total economic
benefits

The analysis reveals that replacing 5e15% of conventional feeds
by BSFLM in the entire poultry sector has the pontential to increase
Kenya’s total income by 69e206 million USD per year (Fig. 4),
which represents 7e21% of Kenya’s poultry GDP and 0.02e0.07% of
the total GDP. This could reduce the number of poor people by
0.32e0.96 million, which represents 2e6% of the number of people
who were living below the poverty line in 2015/2016. Similarly,
adopting BSFLM by 5e15% in the entire poultry sector alone has the
potential to boost the country’s income by 16e47 million USD per
year (Fig. 4) and move 0.07e0.22 million people above the poverty
line. Using the economic gains at 50% adoption rate of BSFLM,
Kenya could reduce the number of poor people below the poverty
line by 3.19 (0.74) million if the entire poultry sector (the entire
poultry sector) uses BSFLM. This indicates the potential long-term
benefit of large-scale adoption of BSFLM.
4. Conclusions and policy implications

Our findings demonstrate that insect farming has the potential
to contribute to the achievement of the economic, environmental,
Fig. 4. Estimated total economic benefits by adoption rates.
and social sustainable development goals of the United Nations. In
the short to the long-run, a 5e50% adoption rate of BSFLM by the
commercial poultry sector can generate a potential economic
benefit in the order of 16e159 million USD annually, which is
equivalent to 0.02e0.24% of Kenya’s GDP. In order to generate these
benefits, Kenya would need to recycle 0.24 to 2.4 million t of bio-
waste. Transalting this to economic value, each tonne of the bio-
waste generates USD 66 to the Kenyan economy, which is nearly 3
fold higher than the cost of waste disposal in Nairobi. 6 With the
same ranges of adoption (5e50%), insect farming could generate a
huge employment opportunities at least at par with�if not more
than�the employment target of urban Kenyan waste recycling
program set by the Ministry of Environment and Natural Resources
of Kenya. Furthermore, we find that replacing fishmeal, maize, and
soybeanmeal by BSFLM can increase the number of peoplewho can
have access to maize and omena by 0.47e4.8 million at the current
per-capita fish and maize consumption in Kenya. Overall, the eco-
nomic gains of rearing black soldier fly could reduce the number of
people below the poverty line by 0.07e0.74 million. If the entire
Kenyan poultry sector adopts BSFLM as feed, the economic gains
could further translate to reducing poverty by 3.19 million people.

Although our findings show interesting positive impact stories
of the potential adoption of BSFLM, the study has some limitations
that could be tackled in future research. Firstly, even though Kenya
imports amino acids, vitamins, and mineral supplements, the
benefits of BSFLM in replacing these nutrients are not considered in
the analysis because of data scarcity. Secondly, our estimates do not
take into account the new capital generated through BSFLM pro-
duction since data are not available. Thirdly, our estimates do not
fully cover the forward and backward linkages of BSF farming along
the value chain, i.e., our estimates use a partial equilibrium model,
which assumes that the insect-feed innovation affects only the
poultry sector. If we had calculated the general equilibrium effects,
our estimate of the benefits of the insect-feed innovation would
likely have been higher than results presented here. For example,
the employment estimation excludes potential jobs in packaging,
transporting, and selling BSFLM and organic fertilizer packaging, as
well as employment that could be generated in the feed industry
and poultry processing sector. Fourthly, the study does not capture
directly the economic benefits of organic fertilizers’ contribution to
crop production and productivity gains.

Despite these caveats, the results of this study have the
following impications. First, policy and programs that integrate
insect farming in the agricultural sector can diversify and enhance
the resilience of African economies in the face of climate change,
while enhancing social gains and environmental services. Second,
the transition from conventional feed sources to insect meals re-
quires strong extension services and investment to create aware-
ness along the value chian, enhance capacity and skills of actors,
and shape consumer and producer preferences. Third, significant
economic-social-enviroment benefits can be achieved if insect
production can be carried at large scale, which further need
channeling investment towards the insect production and pro-
cessing sub-sector.
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