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a b s t r a c t

The livestock sector is in urgent need for more sustainable feed sources, because of the increased de-
mand for animal-source food and the already high environmental costs associated with it. Recent de-
velopments indicate environmental benefits of rearing insects for livestock feed, suggesting that insect-
based feed might become an important alternative feed source in the coming years. So far, however, this
potential environmental benefit of waste-fed insects is unknown. This study, therefore, explores the
environmental impact of using larvae of the common housefly grown on poultry manure and food waste
as livestock feed. Data were provided by a laboratory plant in the Netherlands aiming to design an in-
dustrial plant for rearing housefly larvae. Production of 1 ton dry matter of larvae meal directly resulted
in a global warming potential of 770 kg CO2 equivalents, an energy use of 9329 MJ and a land use of
32 m2, caused by use of water, electricity, and feed for flies, eggs and larvae. Production of larvae meal,
however, also has indirect environmental consequences. Food waste, for example, was originally used for
production of bio-energy. Accounting for these indirect consequences implies, e.g., including the envi-
ronmental impact of production of energy needed to replace the original bio-energy function of food
waste. Assuming, furthermore, that 1 ton of larvae meal replaced 0.5 ton of fishmeal and 0.5 ton of
soybean meal, the production of 1 ton larvae meal reduced land use (1713 m2), but increased energy use
(21,342 MJ) and consequently global warming potential (1959 kg CO2-eq). Results of this study will
enhance a transparent societal and political debate about future options and limitations of larvae meal as
livestock feed. Results of the indirect environmental impact, however, are situation specific, e.g. in this
study food waste was used for anaerobic digestion. In case food waste would have been used for, e.g.,
composting, the energy use and related emission of greenhouse gases might decrease. Furthermore, the
industrial process to acquire housefly larvae meal is still advancing, which also offers potential to reduce
energy use and related emissions. Eventually, land scarcity will increase further, whereas opportunities
exist to reduce energy use by, e.g., technical innovations or an increased use of solar or wind energy.
Larvae meal production, therefore, has potential to reduce the environmental impact of the livestock
sector.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

The livestock sector is in urgent need for alternative, more
sustainable feed sources, because of the increased demand for
animal-source food and the already high environmental costs
associated with production of livestock feed. The current livestock
sector is responsible for about 15% of the anthropogenic emissions
of greenhouse gases (Gerber et al., 2013), mostly related to pro-
duction and utilization of feed (De Vries and De Boer, 2010). The
sector also increasingly competes for scarce resources, such as land,
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water, and fossil energy (Godfray et al., 2010; Steinfeld et al., 2006).
Livestock production currently uses about 70% of the agricultural
land (Steinfeld et al., 2006), mainly for pasture and production of
feed crops. Expansion of the area for livestock production leads to
deforestation in the tropics, i.e. 80% of new croplands are replacing
forest, resulting in biodiversity loss and increased carbon emissions
(Foley et al., 2007, 2011; Gibbs et al., 2010). Without major changes,
therefore, the above described environmental concerns will only
increase further. One of the major challenges, therefore, is sus-
tainable production of livestock feed.

Recent developments indicate environmental benefits of
rearing insects for livestock feed (S�anchez-Muros et al., 2014; Van
Huis et al., 2013). Insects have a low feed conversion ratio (kg dry
matter feed/kg product) and can be consumed completely,
without residual materials as bones or feathers. The nutritional
value of insects is high, especially as a protein source for livestock
(Veldkamp et al., 2012). Insect-based feed products, therefore,
can replace conventional feed ingredients, like fishmeal or soy-
bean meal (SBM), which are associated with a high environ-
mental impact (Van Huis et al., 2013; Veldkamp et al., 2012). The
use of insects may reduce the environmental impact of livestock
production. In contrast with cultivation of feed crops, production
of insects is not necessarily land intensive, especially because
insects can turn organic waste streams, such as manure or food
waste, into high quality insect-based feed products (S�anchez-
Muros et al., 2014; Van Huis et al., 2013; Veldkamp et al.,
2012). In Western countries large amounts of manure are pro-
duced and, according to the FAO one third of the produced food
is never consumed (Gustavsson et al., 2011). Already in the 1970s,
it was proven that housefly larvae (Musca domestica L.) can be
used for biodegradation of chicken manure (Calvert et al., 1970)
and that larvae can grow on municipal organic waste (Ocio et al.,
1979). Moreover, feeding houseflies reared on manure and food
waste to livestock will reduce the competition for land between
food and feed, because they can replace other feed ingredients
that are directly edible by humans. As an example, about 70% of
the cereal grains used in developed countries is fed to livestock
(Eisler et al., 2014). Due to a rather inefficient feed conversion
ratio of livestock e for chicken 1.6, for pigs 2.5 and cattle 5.1
(�Sebek and Temme, 2009) e more people could be supported
from the same amount of land if they did not consume meat
from livestock fed with cereals (Godfray et al., 2010). Feeding
waste-fed insects to livestock, therefore, might be an effective
strategy as inedible waste streams for livestock and humans can
be used to produce high quality food products, such as meat,
milk, and eggs.

Altogether, waste-fed insects seem to be a promising feed
source for livestock, and therefore can be part of the solution to
fulfil the growing demand for animal-source food, within the car-
rying capacity of the earth.

To our knowledge, however, no study has been published that
quantified the reduction of the environmental impact of including
waste-fed insects in livestock feed. Only one peer-reviewed study
analyzed the environmental impact of insects, in this case meal-
worms (Oonincx and De Boer, 2012). This study, however, focussed
on production of mealworms for human consumption, and showed
that the production of one kg of edible protein from mealworms
resulted in a lower land use (LU), but a higher energy use (EU), and
consequently also a higher global warming potential (GWP) than
production of one kg of edible protein from livestock (Oonincx and
De Boer, 2012). It is questionable, therefore, whether or not the
production of waste-fed insects will result in environmental
benefits.

The aim of this study, therefore, is to explore whether the
environmental impact of livestock production can be reduced by
the use of larvae of the common housefly grown on organic waste
streams as livestock feed.

2. Materials and methods

Life cycle assessment (LCA) was used to assess the environ-
mental impact of larvae meal production. LCA is an internationally
accepted and standardized holistic method (ISO 14044, 2006; ISO
14040, 2006) to evaluate the environmental impact during the
entire production chain (Bauman and Tillman, 2004; Guin�ee et al.,
2002). LCA includes four phases: goal and scope definition, in-
ventory analysis (data collection), impact assessment (encom-
passes classification and characterization of the emissions and
resources used), and interpretation of results.

Goal and scope definition. The goal of this study was to assess
the environmental impact of livestock production when larvae of
the common housefly grown on organic waste streams are used as
livestock feed, including also the environmental consequences to
replace the original application of this waste. The functional unit
was 1 ton larvae meal on dry matter (DM) basis.

Inventory analysis. Data related to the required inputs and
outputs to produce 1 ton of larvae meal were obtained from a
business model. This model was based on experimental studies and
developed by four companies in the Netherlands (Jagran, an insect
rearing company, supported by AEB and SITA, twowaste processing
companies, and Denkavit, an animal nutrition company).

Impact assessment. To assess the environmental impact, two
types of impacts were considered: use of resources, such as land or
fossil energy, and emission of pollutants, such as carbon dioxide or
nitrous oxide (Guin�ee et al., 2002). The following impact categories
were assessed: climate change, generally expressed as GWP, energy
use and land use. Climate change and LU were chosen because the
livestock sector contributes significantly to both emission of
greenhouse gases and LUworldwide (Steinfeld et al., 2006). EU was
included also because Oonincx and De Boer (2012) showed that
rearing insects is energy-demanding, and because fossil energy is a
scarce resource. The following greenhouse gases were considered:
CO2, CH4, and N2O. These greenhouse gases were summed based on
their equivalence factors in terms of CO2-eq (100 years' time hori-
zon): i.e. 1 for CO2, 25 for CH4, and 298 for N2O (Forster et al., 2007),
and expressed per ton larvae meal (DM). LU was expressed in m2

per ton larvae meal (DM) per year, whereas energy use (EU) was
expressed inMJ per ton larvae meal (DM). Data related to emissions
and resources were mainly obtained from databases and literature
and are described in more detail in the next paragraphs. In case of a
multifunctional process (e.g. production of soybean oil and meal),
economic allocation was used, which is the partitioning of envi-
ronmental impacts between co-products based on the relative
economic value of the outputs (Guin�ee et al., 2002). Economic
allocation is most commonly used in LCA studies of livestock
products (De Vries and De Boer, 2010).

The direct and indirect environmental impacts related to the
production of 1 ton of larvae meal were assessed (Fig. 1). Direct
environmental impacts resulted from the use of resources and
emissions of pollutants related to the housefly farm, such as use of
water, electricity or feed, and emissions of greenhouse gases from
waste during insect rearing. The indirect environmental impacts
related to changes in use of farm inputs or outputs produced. Food
waste, for example, used for insect rearing, might have been used
originally to produce biogas. To evaluate the impact of using food
waste for insect rearing, therefore, the environmental impacts of,
for example, production of fossil energy needed to replace the
original bio-energy function of foodwastewas included also. Below
the direct environmental impact and indirect environmental
impact are explained in more detail.



Fig. 1. Production chain of larvae meal. Box (a) shows the life cycle of housefly larvae with the related input products that are required to maintain a certain output of larvae meal
and larvae manure. Box (b) shows the four indirect environmental changes that will occur when larvae meal is used as livestock feed: changes in livestock feed, changes in anaerobic
digestion (AD) and changes in manure fertilization.
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2.1. Direct environmental impact of larvae meal

Data were needed on all farm inputs and outputs related to the
production of 1 ton larvae meal (DM) to assess the direct envi-
ronmental impacts of housefly rearing. These data were based on a
business model aimed at producing 65 ton of fresh larvae per day,
resulting in 20 ton of larvae meal with a DM content of 88%. The
production cycle started with housefly pupae, which eclosed
within 2 days. Feed for the flies consisted of sugar, milk powder and
egg powder. Flies were kept at a temperature of 25 �C. Female flies
start to lay eggs after 7 days in an oviposition substrate, consisting
of milk powder, yeast, fibre, vegetable oil and premix (vitamins and
minerals). After oviposition, the mixture of eggs with substrate was
added to a larvae-substrate (feed for the larvae). The larvae-
substrate consisted of food waste, laying hen manure and premix.
Larvae were kept at a temperature of 27 �C and were fully grown
after 5 days. Per 4 kg of larvae-substrate, 1 kg of fresh larvae was
produced. Harvesting of the larvae was performed by shutting off
the ventilation, which forces the larvae to migrate to the surface of
the substrate because of a drop in oxygen level. The harvested
larvae were dried, which is generally required before the larvae can
be included into livestock feed. As the larvae production was situ-
ated next to a waste incineration facility, the remaining heat of this
facility was aimed for drying. After approximately 35 days the fly
colony dies. Therefore, part of the larvae is kept to evolve into
pupae to maintain the production chain.

A summary of the environmental impacts of input and output
data required to maintain the production of larvae meal is provided
in Table 1 and further explained below.

The environmental impacts (i.e. GWP, EU and LU) related to the
production of feed for the flies, and egg substrate were based on
Vellinga et al. (2013) and Mosnier et al. (2011), and exact
Table 1
Input data and related global warming potential (GWP), energy use (EU) and land use (L
matter larvae meal.

Ingredients Unit Amount(/ton DM) GWP (g CO2-eq)

Feed flies kg 1 3808
Substrate eggs kg 17 1351
Food waste kg 11,079 11
Manure kg 3693 42
Premix kg 57 1362

Water kg 10,309 0
Electricity kWh 378 753
Gas kWh 183 586
composition data, which are not disclosed for industrial competi-
tive protection. Environmental impacts from production of various
feed ingredients included impacts from cultivation (e.g. fertilizers,
pesticides, machinery, energy, emissions related to direct and in-
direct N2O and CO2 emissions from liming and urea fertilization),
impacts from drying and processing, and impacts from transport up
to the farm gate.

The environmental impacts (i.e. GWP, EU and LU) related pro-
duction and use of tap water, natural gas, and electricity were based
on Eco-invent (EcoinventCentre, 2007). Electricity was assumed to
be substituted with marginal Dutch electricity, i.e. 28% coal-based,
67% natural gas-based, and 5% wind-based electricity (De Vries
et al., 2012a).

Emissions of GHG related to the substrate for the larvae were
based on IPCC (IPCC, 2006). According to IPCC, emissions of CH4
from organic waste occur only after several months. As food waste
was used during the larvae production process for 4 days only, it
was assumed that emissions from organic waste were negligible.
During the handling and storage of laying hen manure, CH4 and
direct and indirect N2O were emitted. As there were no specific
data available about the use of manure for insect rearing, it was
assumed that emissions for using manure were equal to emissions
emitted on a laying hen farm. To estimate CH4 emission, a tier 2
approach was used based on country specific data (Coenen et al.,
2013) and IPCC default values (IPCC, 2006) (an organic matter
content of 0.35 kg per kg manure, maximum CH4 producing po-
tential of 0.34 m3 CH4 per kg organic matter and a methane con-
version factor of 0.015). To estimate direct and indirect N2O
emissions, a tier 2 approach was used based on country specific
data of Coenen et al., 2013 (direct: 0.8 kg N excretion per laying hen
per year, 18.9 kg manure per laying hen per year and a default
emission factor of 0.01) (indirect: volatilization 40% and an
U) data with references for the direct environmental impact of producing 1 ton dry

EU (MJ) LU (m2) References

12.2 1.34 Vellinga et al., 2013
3.9 0.34 Vellinga et al., 2013
0.2 0.00 Coenen et al., 2013; IPCC, 2006
0.2 0.00 EcoinventCentre, 2007; IPCC, 2006
3.9 0.34 EcoinventCentre, 2007; IPCC, 2006;

Mosnier et al., 2011
0.0 0.00 EcoinventCentre, 2007

11.8 0.01 EcoinventCentre, 2007
11.2 0.00 EcoinventCentre, 2007
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emission factor of 0.01). The GWP, EU and LU for transportation of
food waste and manure over an average of 65 km per day were
included, based on Ecoinvent (EcoinventCentre, 2007).
2.2. Indirect environmental impact of larvae meal production

Three major indirect changes were considered. I) Changes
related to a decreased availability of food waste for anaerobic diges-
tion. Originally, food waste is used for anaerobic digestion in the
Netherlands. As the amount of food waste is restricted by the
amount of food spilled by humans, using food waste for larvae
production decreases its availability for anaerobic digestion. The
decreased production of electricity, heat and digestate, therefore,
was assumed to be substituted with fossil fuels and synthetic fer-
tilizer. II) Changes related to manure fertilization. Laying hen manure
used to grow insects was assumed to be used to fertilize crop
production in Germany. As the production of laying hen manure is
restricted by the demand for eggs, its availability for application on
croplands in Germany decreased. Consequentially, laying hen
manure was assumed to be substituted with synthetic fertilizer. III)
Changes related to an increased availability of larvae manure for
anaerobic digestion. Larvae manure produced was assumed to be
used originally for anaerobic digestion, producing electricity, heat,
and digestate. Electricity and heat were assumed to replace fossil
fuels. Digestate was assumed to replace synthetic fertilizer. As
digestate contains residues of laying hen manure it should be
labelled as manure according to Dutch regulation. Due to a manure
surplus in the Netherlands, digestate was assumed to be trans-
ported to Germany, and used to fertilize crop production.

The method and related data to the above-described indirect
changes in anaerobic digestion and manure fertilization are
described below.
2.2.1. Environmental impact related to changes in anaerobic
digestion

For the anaerobic digestion of food waste and larvae manure a
large scale digestionplant was considered. The biogas producedwas
used in a combined heat and power unit for the production of
electricity and heat. Digestion required 110 MJ of electricity per ton
and 65 MJ heat per ton based on 10% DM content (Berglund and
B€orjesson, 2006). Electricity was taken from the grid, whereas heat
originated from the combined heat and power unit. Methane losses
were 1% of produced CH4 (Møller et al., 2009; Zwart et al., 2006). The
energy efficiency of the heat and power unit was 70%, the electric
efficiency 35% (Zwart et al., 2006). The utilization of surplus heat
from anaerobic digestion, i.e. the surplus heat that remains after
using the required heat for the process, was not included, as heat
offset possibilities are limited in the Netherlands (Dumont, 2010).
The digestate that is transported and applied to the field as fertilizer,
was assumed to substitute marginal mineral N, P, and K fertilizer.
Marginal production ofmineral fertilizerwas assumed to be calcium
ammonium nitrate for N, triple superphosphate for P2O5, and po-
tassium chloride for K2O (De Vries et al., 2012a).

Per ton larvae manure (DM) 15 GJ was produced (Table 2). N, P
and K values and the methane production potential of larvae
manure were provided by Jagran. Jagran performed two analyses of
Table 2
Input data anaerobic digestion per ton of organic matter on dry matter basis.

Type DM Biogas (nm3/ton) CH4

Larvae manure: food waste 38 260 65
Larvae manure: laying hen manure 30 103 56
Food waste 32 218 65
the methane production potential of larvae manure. The first
analysis of the larvae manure was based on a sample in which the
larvae grew only on food waste and the second analysis was based
on a sample in which the larvae grew only on laying hen manure.
Results of both analyses were used based on their ratio in the diet
(25% manure and 75% food waste). Per ton food waste (DM) 18 GJ
could be produced. No analysis was performed on the methane
production potential and N, P and K values of food waste. It was
therefore, assumed that values for foodwastewere similar to larvae
manure based on a substrate of food waste, when compensated for
the difference in DM content. Both food waste and larvae manure
were transported to the digestion plant and the digestate to agri-
cultural fields. It was assumed that digestate of food waste was
applied on Dutch agricultural fields and digestate of larvae manure
on German croplands, as it contains laying hen manure and
therefore is not allowed on Dutch fields, resulting in a difference in
transport of 370 km. The environmental impact values related to
the production of electricity, and N, P, and K fertilizers and trans-
port per lorry were based on Eco-invent (EcoinventCentre, 2007)
(Table 3).
2.2.2. Environmental impact related to changes in manure
fertilization

Laying hen manure was transported to Germany (435 km
assumed) and used as fertilizer replacing artificial fertilizer. Laying
hen manure contains 3.57% N, 2.89% P and 2.03% K (Den Boer et al.,
2012).
2.3. Comparison of environmental impact of larvae meal with SBM
and fish meal

To determine the potential environmental benefit of using
larvae meal as livestock feed ingredient, all above described indi-
rect environmental impacts were added to the direct environ-
mental impacts of production of 1 ton larvae meal (DM).
Subsequently, the environmental impact of larvae meal was
compared with other protein rich feed ingredients, namely SBM
and fishmeal. One ton of larvae meal was assumed to replace
0.5 ton of fishmeal and 0.5 ton of SBM on a DM basis. The DM
content of larvae meal is 88.0% (based on analysis of the laboratory
plant), of fishmeal 92.7% and of SBM 87.5% (CVB, 2010). Table 3
shows the GWP, EU and LU for fishmeal and SBM. For SBM emis-
sions related to LUC were assessed as well, because the production
of SBM is related to deforestation which is an important source of
GHG emissions (Macedo et al., 2012; Prudêncio da Silva et al., 2010;
Van Middelaar et al., 2013). LUC emissions for SBM were 0.47 kg
CO2-eq per m2 per year, assuming an amortation period of 20 years
(De Vries et al., 2012b). Emissions were quantified by considering
CO2 emissions of converting, for example, forest or grassland to
cropland, accounting for size and location of converted land and the
types of land that were converted (biome types) (Tonini et al.,
2012). It was assumed that 20% of the increased soybean demand
came from increased yields, whereas 80% was met by expansion of
land in Brazil (Kløverpris, 2008; Laborde, 2011) of which 23%
rainforest and 77% savannah in the Cerrado region (Prudêncio da
Silva et al., 2010). For larvae meal and fishmeal it was assumed
in biogas (%) Energy (GJ/ton DM) N (%) P (%) K (%)

17 3.28 0.76 0.98
8 2.86 3.32 2.99

18 2.76 0.64 0.50



Table 3
Global warming potential (GWP), energy use (EU) and land use (LU) data with references for the indirect environmental impact of producing 1 ton dry matter larvae meal.

Ingredients Unit (/ton DM) GWP (g CO2-eq) EU (MJ) LU (m2) References

Soybean meal kg DM 710 6.89 3.543 Vellinga et al., 2013
Soybean meal incl LUC kg DM 2375 6.89 3.543 De Vries et al., 2012b
Fishmeal kg DM 1636 23.45 0.015 Vellinga et al., 2013
Electricity kWh 753 11.80 0.006 EcoinventCentre, 2007
N kg 8543 55.35 0.095 EcoinventCentre, 2007
P2O5 kg 2014 25.96 0.087 EcoinventCentre, 2007
K2O kg 495 8.06 0.051 EcoinventCentre, 2007
Lorry EURO 4 16e32 ton Tkm 164 2.57 0.003 EcoinventCentre, 2007
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that LUC emissions were negligible, because land use during pro-
duction is small.

2.4. Sensitivity analysis

Inventory data and data related to emission of GHGs, EU and LU
contain uncertainties. A sensitivity analysis was performed in Excel
to assess which parameters contained high uncertainty and,
therefore, have a high impact on the outcome of the study. In-
ventory data regarding, for example, the amount of electricity or
water used, were changed one by one by ±10%. Moreover, the
environmental impact (GWP, EU and LU) related to production of
these products was also changed by ±10%. This range of ±10% is
more often applied in LCA studies of livestock products, such as in
Van Middelaar et al. (2013).

3. Results

First the results of the direct environmental impacts are shown,
followed by the results of the indirect environmental impacts. Then
a comparison of larvae meal with SBM and fish meal is made, and
lastly results of the sensitivity analysis are presented.

3.1. Direct environmental impact of production of larvae meal

Producing larvae meal resulted in a GWP of 770 kg CO2-eq, an
EU of 9329 MJ and an LU of 32 m2 per ton DM larvae meal (Table 4).
The largest part of the GWPwas caused by feed for the larvae (44%),
whereas an additional 37% resulted from the use of electricity and
Table 4
Global warming potential (GWP), energy use (EU) and land use (LU) of the pro-
duction of 1 ton of larvae meal dry matter.

Processes GWP
(kg CO2-eq)

EU (MJ) LU (m2)

Egg production 26 84 7
Egg substrate 23 67 6
Feed flies 2 7 1
Water 1 11 0

Larvae production 353 2733 23
Feed larvae 350 2686 22
Water 3 46 0

Electricity use 284 4458 2
Egg production 21 322 0
Larvae production 164 2575 1
Processing larvae 41 644 0
Lightening building 38 595 0
Working places 21 322 0

Gas for heating 107 2054 0

Total larvae meal 770 9329 32
14% form the use of gas. Electricity and gas use, however, explained
the majority of the EU (70%), whereas production of vitamins and
minerals in larvae feed explained the majority of the LU. Note that
gas for drying the larvae, which is currently assumed to be neces-
sary before it can be used as livestock feed due to food safety issues,
was not included as the remaining heat from a waste incineration
facility was used. However, when no residual heat could have been
used, one should count for an additional 1247 kg CO2-eq, 23,949 MJ
and 1 m2 per ton larvae meal (DM). Therefore, gas for drying will
have a large impact on EU and consequently on the GWP.
3.2. Indirect environmental impacts related to changes in farm
inputs and outputs

3.2.1. Impacts related to changes in anaerobic digestion of food
waste

The increased use of fossil fuels, due to the reduced anaerobic
digestion of food waste, increased GWP with 3954 kg CO2-eq, EU
with 62,001 MJ and LU with 32 m2 per ton larvae meal (DM),
whereas the increased use of synthetic fertilizer increased GWP
with 895 kg CO2-eq, EU with 6230 MJ and LU with 13 m2 per ton
DM of larvae meal (Fig. 2).
3.2.2. Impacts related to changes in anaerobic digestion of larvae
manure

The decreased use of fossil fuels, due to the increased use of
anaerobic digestion of larvae manure, reduced GWP with
3277 kg CO2-eq, EU with 50,916 MJ and LU with 27 m2 per ton DM
larvae meal (Fig. 2). The decreased use of synthetic fertilizer
reduced GWP with 355 kg CO2-eq, and LU with 5 m2, but increased
EU with 2825 MJ per ton larvae meal (DM), due to transport of
larvae manure to Germany (Fig. 2).
3.2.3. Impacts related to changes in manure fertilization
The increased use of synthetic fertilizer, due to the reduced use

of manure fertilization, increased GWP with 1146 kg CO2-eq, EU
with 7045 MJ and LU with 22 m2 per ton DM of larvae meal (Fig. 2).
3.3. Comparison of environmental impact of larvae meal with SBM
and fish meal

To determine the potential environmental benefit of larvae
meal, the direct environmental impact was added to the indirect
environmental impacts of producing 1 ton larvae meal (DM). Pro-
duction of 1 ton larvae meal (DM) resulted in a GWP of 3132 CO2-
eq, an EU of 36,513 MJ and an LU of 66 m2. Subsequently, the
environmental impact of 1 ton larvae meal was compared with
fishmeal and SBM. Using larvae meal instead of SBM and fishmeal
resulted in an increased GWP of 1959 kg CO2-eq (i.e. excluding LUC)
or 1364 kg CO2-eq (i.e. including LUC), EU with 21,342 MJ and LU
decreased with 1713 m2 per ton larvae meal (DM).



Fig. 2. Indirect environmental impact of larvae meal production. Global warming
potential (GWP), energy use (EU) and land use (LU) per kg of dry matter larvae meal for
indirect changes of producing larvae meal. By summing up the environmental changes
the total indirect environmental impact of larvae meal is obtained.

Table 5
Sensitivity analysis of direct impact of larvae meal production. Consequences of 10%
change in emission factors on global warming potential GWP, energy use (EU) and
land use LU of larvae meal per ton larvae meal.

Direct changes GWP
(kg CO2-eq)

EU (MJ) LU (m2)

Larvae meal (total) 770 9329 32

Egg production 3 8 1
Egg substrate 2 7 1
Feed flies 0 1 0
Water 0 1 0

Larvae production 35 273 2
Feed larvae 35 269 2
Water 0 5 0

Electricity use 28 446 0
Egg production 2 32 0
Larvae production 16 257 0
Processing larvae 4 64 0
Lightening building 4 60 0
Working places 2 32 0

Gas for heating 11 205 0

Table 6
Sensitivity analysis of indirect impact of larvae meal production. Consequences of
10% change in impact factors and inventory data on global warming potential (GWP),
energy use (EU) and land use (LU) of 1 ton larvae meal dry matter.

Indirect changes GWP
(kg CO2-eq)

EU (MJ) LU (m2)

Larvae meal production
(incl. indirect change)

1959 21,342 �1713

Livestock feed
Impact factor larvae meal 77 933 3
Impact factor fishmeal 81 345 1
Impact factor soybean meal 35 1173 177
Ratio fishmeal and soybean meal 92 1656 353

Anaerobic digestion larvae manure
Methane production potential 374 5801 3
Impact factor electricity 325 5092 3
EF N, P, K 100 726 2
% N, P, K 100 726 2

Anaerobic digestion food waste
Methane production potential 457 7152 4
Impact factor electricity 407 6385 3
Impact factor N, P, K 89 623 1
% N, P, K 89 623 1

Laying hen manure
% N, P, K 138 1067 2
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3.4. Sensitivity analysis

Results of the sensitivity analyses showed that the direct GWP
was merely determined by energy use (gas and electricity use) and
feed for larvae (Table 5), whereas EU was merely determined by
electricity use of larvae production, followed by gas use for the total
building. LU was mostly influenced by the land used for producing
the feed of the larvae.

The indirect GWP and EU however, were merely determined by
changes in anaerobic digestion (Table 6). This sensitivity for the
process of anaerobic digestion has two causes. First, EU and GWP
outcomes highly depend on the methane production potential
influencing the amount of energy assumed to be produced by
anaerobic digestion. Second, EU and GWP highly depend on the
electricity factor used for greenhouse gas emissions, which was
merely determined by the mixer of electricity sources (in this cased
based on the Dutch situation). LU was mostly influenced by the
land used for the production of SBM, and LU outcomes, therefore,
were sensitive to changes in the relative replacement of SBM and
fishmeal by larvae meal.
4. Discussion

Results of the sensitivity analysis showed that the following four
input data are highly sensitive: electricity and gas use, emissions
related to the feed of the larvae, replacement of livestock feed and
the methane production potential. Those parameters are below
discussed in more detail.

Electricity and gas use were the main contributors to EU and the
GWP during the production of larvae meal. A relative high elec-
tricity use and gas use for insect rearing were found earlier for
mealworm production (Oonincx and De Boer, 2012). Production of
one kg of mealworm (DM) used 15.8 MJ of electricity and 26.0 MJ of
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gas. The higher energy use for production of mealworms was
caused by a longer production cycle of mealworms (10 weeks
instead of 5 days). Production of mealworms and housefly larvae
use high amounts of gas due to the required ambient temperature
of the insects. One should, however, take into account that the
required energy use was an estimation of the laboratory plant. The
industrial process to acquire housefly larvae meal is still advancing,
which offers potential to further reduce energy use. Taelman et al.
(2013) showed, for example, that up-scaling production of algae as
feed for aquaculture reduced the carbon footprint with a factor 20.
It is likely, therefore, that further up-scaling of production of larvae
meal will further reduce energy use and related GHG emissions.

Emissions of GHG related to larvae-feed contributed most to
GWP. Calculations of the larvae feed were based on IPCC guidelines
for manure and composting of food waste. It was assumed in this
study that emissions of food waste were negligible. Despite food
waste is used by larvae for 4 days only, emissions of GHG could have
occurred because the circumstances for composting were favour-
able (i.e. high temperatures and constant ploughing by the larvae).
Furthermore, IPCC calculations for manure were based on emis-
sions related to the complete laying hen sector and not only for the
storage of manure and, therefore, possibly resulting in an over-
estimation. To minimize the uncertainty of the environmental
impact of larvae meal experimental studies on the emissions
related to use of larvae feed are required.

The changes in livestock feed were based on the assumption
that larvae meal is used to replace fishmeal and SBM. Although
larvae meal, fishmeal and SBM are all protein rich, their nutritional
value, i.e. content of amino acids and crude fat, differs. Table 7
shows the nutrient content of larvae meal (based on analysis of
the laboratory plant), fishmeal and SBM (CVB, 2010). The nutrient
content of larvae meal was based on two samples only, but results
are confirmed by a literature review (Veldkamp et al., 2012),
showing similar outcomes: larvae contain 43e68% protein and
4e32% fat on a DM basis. Replacing fishmeal and SBM by larvae
meal on a DM basis will have an impact on the nutritional
composition of the diets such as crude protein or amino acids and
net energy. Since the nutritional requirements should be met to
maintain the growth performance of the animal, the diet compo-
sition will change. It is, therefore, expected that including larvae
meal in livestock diets will not only reduce the content of fishmeal
and/or SBM, but will affect the complete diet composition. Future
research, therefore, should include changes in diet composition and
changes on feed intake and growth of the animals. However, until
now the nutritional value of larvae meal is highly uncertain. In vivo
animal studies are required to determine the palatability, di-
gestibility and other relevant characteristics of larvae meal before a
reliable comparison with other feed ingredients can be made.

Assumed values of the methane production potential highly
influenced the computation of the amount of energy produced
from anaerobic digestion. The methane production potential used
in this study, i.e. 15 GJ per ton larvae manure (DM) and 18 GJ per ton
food waste (DM), were within the range of values found in other
studies: 12 GJ per ton DM ofmunicipal organic waste (Berglund and
Table 7
Nutrient content (%) of larvae meal (based on data of the laboratory plant), fishmeal
and soybean meal (SBM) (CVB, 2010).

Larvae meal Fishmeal SBM

Dry matter 88.0 92.7 87.5
Crude protein 47.9 56.7 46.0
Fat 24.2 15.8 18.4
Lysine 32.6 43.1 28.5
Methionine 11.3 15.9 6.4
B€orjesson, 2006) and 18 GJ per ton DM of vegetable food waste
(Bernstad and la Cour Jansen, 2012). Nevertheless, the difference
between the methane production potential of food waste and
larvae manure remains uncertain. To minimize the uncertainty of
the environmental impact of larvae meal more experimental
studies in this direction are required.

Although data are based on a Dutch case study (Jagran), the
results are valuable for livestock systems across the globe. A global
interpretation of current results, however, requires consideration of
some site-specific aspects. First, a large part of the direct environ-
mental impact is caused by energy use. Situating the production in
awarmer climate than the Netherlandswill lower gas requirements
and, therefore, lower the GWP and EU. Second, results showed that
it is essential to minimize gas use for drying to reduce the GWP and
EU. Therefore, larvae production should be situated near, for
example, a waste incineration facility, which enables to use its
remaining heat for drying. Third, this study shows that the envi-
ronmental impact of using larvae meal as livestock feed also de-
pends on the current application of the food waste. Using food
waste and laying hen manure as feed for larvae in this case study
resulted in an increased GWP and EU but a decreased LU compared
with the current situation, in which food waste was used for
anaerobic digestion and laying hen manure for fertilization. In case
food waste is used for composting or does not have a function yet,
environmental benefits related to larvae meal will increase. The
same applies for the application of the larvae manure. Finding the
optimal application for larvae manure is essential to reduce the
environmental impact. Finally, some challenges need to be
addressed in Europe before large scale larvae production can start.
Legislation, health concerns and a high cost price are important
issues (Van Huis et al., 2013; Veldkamp et al., 2012). Until now, it is
not allowed to include larvae fed onwaste streams in livestock feed
in the Netherlands. However, in other parts of the world this is less
strictly regulated.

The discussion points mentioned in this section provide build-
ing blocks to minimize the environmental impact of larvae pro-
duction. Incorporating the results of this study within designing
plans of large scale larvae production provide opportunities to
lower GWP and EU while a low LU is maintained.

5. Conclusion

This study is the first study that explores the environmental
impact of using larvae meal as livestock feed. Larvae meal can be a
promising protein source for the livestock sector that can alleviate
future shortages of protein sources in livestock feed. Results of this
studywill enhance a transparent societal and political debate about
future options and limitations of larvae meal as livestock feed.

Production of 1 ton of drymatter larvae meal directly resulted in
a global warming potential of 770 kg CO2-eq, energy use of 9329MJ
and land use of 32 m2. Energy use is the main contributor to the
direct environmental impact of larvae meal production. The in-
dustrial process to acquire larvae meal, however, is still advancing
which has potential to increase its energy efficiency. Future
development of larvae rearing should, therefore, focus on energy
saving to ensure the environmentally sustainability of larvae meal
as livestock feed.

Production of larvae meal, however, also has indirect environ-
mental consequences, i.e. environmental impacts related to
changes in use of farm inputs or outputs produced. Adding the
indirect environmental changes to the direct impact resulted in a
GWP of 3132 CO2-eq, an EU of 36,513 MJ and an LU of 66 m2.
Overall, using 1 ton of larvae meal compared with using 0.5 ton of
fishmeal and 0.5 ton of SBM on a DM basis resulted in an increased
GWP of 1959 kg CO2-eq (i.e. excluding LUC) or 1364 kg CO2-eq (i.e.
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including LUC), EU of 21,342 MJ and LU decreased with 1713 m2.
Results of the indirect environmental impact, however, are situa-
tion specific, e.g. in this study food waste was used for anaerobic
digestion. In case food waste would have been used for, e.g., com-
posting, the energy use and related emission of greenhouse gases
might decrease. Furthermore, the industrial process to acquire
housefly larvae meal is still advancing, which also offers potential
to reduce the energy use and related emissions. Nevertheless, at
this moment using larvae meal results in a trade-off between
decreased land use and increased global warming potential and
energy use. Eventually, however, land scarcity will increase further,
whereas opportunities exist to reduce energy use by, e.g., technical
innovations or an increased use of solar or wind energy. Larvae
meal production, therefore, has potential to reduce the environ-
mental impact of the livestock sector.
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