Case Study

Environmental performance of insect protein: a case of LCA results S N
for fish feed produced in Norway

Ingunn Saur Modahl'® . Andreas Brekke'

Received: 21 September 2021 / Accepted: 10 May 2022
Published online: 21 May 2022
© The Author(s) 2022, corrected publication 2022 OPEN

Abstract

In this article, life cycle assessments for six insect protein production cases are examined, and their life cycle inventories
are systematically combined to create consistent data and results for the environmental performance of insect protein.
The LCAs are on mealworms farmed in the Netherlands or France, fed on cereals or vegetable waste food and brewery side
stream (four cases); and black soldier fly larvae farmed in Germany, fed on brewery side stream or brewery side stream
with vegetable waste (two cases). The focus is on those insect proteins which can be utilised as fish feed with use in Nor-
way as an example. Special attention is paid to obtain consistent system boundaries, method choices, background data,
and indicators. The results show that the insect diet is crucial for all the analysed environmental indicators for insects fed
a diet of high economic value vegetables. Emissions from the utilisation of insect manure for biogas, fertilisers or similar,
and direct insect greenhouse gas emissions, seem to have little importance. The article further shows results compared
with the greenhouse gas emissions for the most important salmon protein feed ingredients in Norway. Insect protein
based on vegetables with low economic value has the potential to compete in environmental performance with existing
protein sources for fish feed and can also cover 10 to 15% of the volumes of crude protein currently imported to the EU.

Article highlights

e Protein from insects fed on ‘waste’ (as is most often the case), have a climate change burden which is equal to or much
lower than the most common crop-based fish feed protein ingredients.

e Proteins from insects can provide 10-15% of the crude protein imported to the EU.

e Transport of insect protein from countries such as The Netherlands, France and Germany to the west coast of Norway
makes only a marginal contribution to the environmental burdens.
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1 Introduction Europe for use in animal feed. Significant amounts of pro-

tein, soy in particular [2], are therefore being imported. As
The human consumption of protein in EU countries is  there are restrictions on the utilisation of fish meal from
currently 50% higher than that stipulated in the dietary  wild caught fish, this shortfall with regard to fish feed will
requirements set by the World Health Organization (WHO) most probably increase over the coming years. There is an
[1]. Nevertheless, there is a current shortage of proteinin ~ ongoing quest within the EU for protein sources that are
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both environmentally friendly and economically realistic
[2, 3]. As supplies from outside Europe are affected by cli-
mate breakdown and the challenges associated with land
use change in the production of soy, the aim is to extend
the EU’s self-sufficiency in protein [3, 4].

Several initiatives, both worldwide [5] and within Europe
[6] are being launched to explore new protein sources. The
quest for alternative protein sources is not a recent endeav-
our, and examples from the 1970s are to be found, stat-
ing that “practically no potential feed material has been
ignored” [7]. Proteins for animal or human consumption
may come from plant sources, animal sources or indus-
trial manufacturing, and feed producers base their choice
of protein sources on a range of variables. These include
price, availability, the amino acid profile, and, to an increas-
ing extent, the environmental impact. Protein from insects
could become an alternative for feed producers, while at
the same time fulfilling the EU requirements for additional
protein sources and reducing the climate burden.

Although there is scant reporting to be found in lit-
erature on the environmental performance of insect pro-
duction, van Huis and Oonincx [8] refer to studies show-
ing that fishmeal can be replaced with insect meal. The
degree of substitution and insect larvae types vary across
fish species. The efficiency of insects in the conversion of
organic matter into animal protein and dietary energy, is
high in comparison with traditional husbandry [9] and
their potential within future food systems is significant,
offering an environmentally friendly option both as food
and feed [10]. The same authors [8] also showed that in
addition to a reduction in greenhouse gas emissions, the
principal environmental advantages of insect farming over
the production of livestock are to be found in the employ-
ment of land and water resources. An Austrian study [11]
showed that protein for human consumption from meal-
worm, compared with broilers (also for human consump-
tion), was more environmentally beneficial for four out of
five examined indicators.

Previous studies on the environmental performance of
insect meal production underline the significant stages
of the insect life cycle, these being insect diet [9, 11] and
energy use during rearing [8, 11]. Some also refer to these
factors indirectly via the cost of insect diet [6] and pro-
cessing [10], in addition to direct insect greenhouse gas
emissions [8]; processing and storage [8]; buildings and
other infrastructure [8, 12], and waste handling [8, 13, 14].

Insect diet is a major contributor to environmental indi-
cators. This burden can be reduced by replacing the diet
with by-products or waste substrates. These must be of
sufficient quality to positively influence larvae yield, body
weight, and the nutrient composition of black soldier
fly larvae [15]. Diet variations of different insect species
should be taken into consideration; while some larvae are
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best suited to a diet consisting of meat waste [10], house
fly larvae grow well in the manure of animals with a mixed
diet, although not in the manure of herbivores such as
cows, goats and horses. Black soldier fly larvae were found
to accept a wider variety of decaying organic matter. Oon-
incx, van Broekhoven [16] provided two examples, the first
showing that a mealworm diet with carrots increased dry
matter level and N-efficiency, while decreasing growth
time. The second showed that the addition of beer yeast
to high protein diets could lead to a shorter growth time
and a higher survival rate. Studies on nutritional issues
have revealed that by-products and waste substrates can
satisfactorily fill the requirements of rearing insect larvae
[12,13].

One study shows that the amount of energy required to
regulate temperature can be influenced by geographical
location, as temperatures below a certain level can have
a negative effect on the growth and even survival of the
insects [9]. The authors of this study also found that the
types and quantities of construction materials in buildings
where insects were farmed were more likely to be selected
for their availability and in relation to the requirements
of climate, than to meet the needs of a specific farmed
animal. Roffeis et al. [14] carried out the only study that
mentions the effect on environmental impacts of con-
struction choices, specifically with regard to infrastructure
and building materials. They established that the afore-
mentioned impacts are ‘largely explained by fundamental
biophysical inputs, such as energy, water, milk powder and
sugar....

Most of the studies reported are based on Life Cycle
Assessment (LCA), which provides a framework for sys-
temic analysis of the impact of products and services on
a range of environmental issues [17]. This ensures that no
important life cycle stages are omitted from the study and
that the focus is on more than just one type of potential
environmental impact. Although LCA has a uniform meth-
odological framework, differing method choices, assump-
tions, and databases employed across studies can create
variations in results for similar products. For this reason it
can be difficult to make comparisons with previous studies
on insect protein.

This study aims therefore to transform existing knowl-
edge into consistent LCAs, and thus enable the compari-
son of insect proteins, both between different insect pro-
teins and with other proteins already in use for fish feed
today. This will assist stakeholders in selecting optimal
solutions. There is little documentation in literature of the
environmental profile of insect proteins for fish feed and
there is a need for the performance of further LCAs. If the
environmental profile from such LCAs corresponds with
the environmental performance hitherto reported in liter-
ature, insect proteins could fulfil several EU requirements.
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These could include an increase in protein self-sufficiency
and a reduction both in climate emissions and in pressure
on land use. Together the utilisation of insect proteins and
the application of LCA could make a significant contribu-
tion to a global reduction in GHG.

Norway was selected as the final destination for the
insect protein, as it is by far the largest producer of farmed
fish in the EU, with salmon being the number one farmed
animal.

In the next section, the methodological choices and
assumptions are explained. Chapter 3 presents the results
of the study, comparing reproduced and original results;
showing results for different environmental impacts for
the constructed cases; and comparing insect proteins
with other protein sources. In chapter 4 the results are
discussed in more detail while conclusions are given in
chapter 5.

2 Methods

The method underlying the article is LCA, where a study
of insect protein and other protein sources is based on
the assembly and streamlining of previous studies. This
method section explains the way in which data from previ-
ous studies have been assembled to create comparative
cases.

2.1 Goal and scope of the LCA

The aim of this study has been to transform existing knowl-
edge on insect proteins into LCAs, to facilitate a compari-
son with more conventional protein sources. There has
been a focus on those insect proteins which could be uti-
lised as fish feed. To enable the performance of LCAs, a
three-step procedure has been carried out:

- Reproduction of studies found in literature;

- Comparison of reproduced results with the original
results; and

- Construction of cases by combining inventories from
literature

Firstly, a reproduction of results from previously pub-
lished and peer-reviewed studies was made, to enable a
decision as to whether the inventories were suitable for
use in further studies. This was achieved by comparing the
reproduced results with those from the original studies
(second step). As a third step, a number of cases were con-
structed by combining inventories, enabling consistent
LCAs to be performed with regard to system boundaries,
background data, and indicators. Lastly, the results have
been compared with the greenhouse gas emissions for

the most important salmon feed ingredients in Norway in
2017. In addition, the production potential of insects has
been calculated and compared with the protein deficit for
Europe.

2.2 Type of LCA

The study is based on so-called attributional LCA method-
ology [17] with the aim of accounting the environmental
performance of the protein sources. The primary method-
ology used has been LCA in accordance with ISO 14040
[18] and ISO 14044 [19].

2.3 Functional unit

The functional unit for the constructed cases in this study
is 1 kg of protein from insect meal delivered to the west
coast of Norway. This functional unit includes an adjust-
ment for the amount of protein in the insect meal. If the
crude protein content is low, more meal is required to
deliver 1 kg of protein, with a subsequent increase in the
transport burden from the place of origin to the chosen
location.

2.4 System boundaries

The modelling of the constructed insect protein value
chains has included all upstream processes through to the
delivered protein at the fish farm, close to where the fish
feed production is assumed to take place (cradle to gate).
Although it is only the insect meal itself that is considered
in this study, the insect meal is assumed to be mixed with
other ingredients before being used as fish feed.

In the given cases, production of the insect diet, insect
farming and the processing of insect meal are all located
in the Netherlands, France and Germany (see details in
Table 1). The insect meal is then transported to the west
coast of Norway. Figure 1 shows the included processes
and the actual system boundaries for the constructed
cases.

The peer-reviewed studies employed as the basis for the
modelling were published in the period 2011 to 2018.The
most significant background processes taken from data-
bases are from the periods 1996-2002 and 2009-2016.

2.5 Data sources/life cycle inventory

The environmental performance of insect production is
not widely reported in literature, and only one dataset was
found to be complete with regard to life cycle phases [20].
Other datasets were therefore combined to provide as
many diverse scenarios as possible, thus ensuring a mix of
insect species and diets with the same system boundaries.
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Fig. 1 System boundaries for the insect protein value chains

The LCA studies mentioned in the review article of [9] have
formed the basis for the work carried out in this study, sup-
plemented by a number of other studies which have been
examined for the purpose of finding additional life cycle
inventory data.

Insects that are mass-reared for feeding purposes are
classified as ‘farmed animals’[21], and waste materials of
animal origin allowed for feeding are therefore limited
by EU Regulation [22]. Manure is only permitted as feed
for insects in the manufacture of organic fertilisers or soil
improvers. As a consequence, housefly larvae (Musca
domestica) were omitted. This was because the relevant
studies employed manure as diet, and the only waste
considered here for insect diet in the production of feed,
has been that from vegetables, to conform with present
regulations.

Inventory data have been extracted from studies using
solely original data. Focus has been on data for mealworm
(Tenebrio molitor) and black soldier fly larvae (Hermetia
illucens), as these are the species for which most LCA data
are available and their diet is categorised as legitimate for
feed production.

Although insects are produced for food and feed in
such countries as Thailand, South Africa, China, Canada
and the USA, no data from these regions were available
and/or suitable, and the inventories used are all from case
studies in Europe.

As part of the process of extracting inventories from
published studies, reproduced results were created using,
wherever possible, the same impact category methods as
the original studies. These reproduced results were com-
pared with the results given in the original studies to indi-
cate whether any important input data was missing in the
reproductions.

(insect manure)

Substitution of N
mineral fertiliser \

g*‘ﬁ \

Frass

Processing to
insect meal
(Netherlands, France and Germany)

Transport to
fish farm
(west coast of Norway)

Fish feed production
and fish farming

As a result of this process, three principal datasets were
combined with data from four more studies, leading to six
constructed cases in total. Both the original studies and
the constructed cases are shown in Table 1.

The inventories from the original studies are given in
Appendix 1. The inventories have been combined with
background data from one single database, ecoinvent 3.5
allocation, cut off [23], to consistently model the insect
protein value chains. The LCA tool applied in modelling
the systems has been SimaPro version 9.0.0.47 multi user.
In Appendix 2 the corresponding inventories for the con-
structed cases are given, together with the datasets used
for modelling the foreground systems.

2.6 Data availability statement

All inventory data used in making the models in this study
are included in this published article. See further descrip-
tion in Sect. 2.5 and the actual inventories used in Appen-
dix 1.

2.7 Impact assessment

In this study, the Product Environmental Footprint Cat-
egory Rules (PEFCR) for feed for food-producing animals
[24] was applied in selecting the environmental indicators.
Those emphasised as being most significant in the PEFCR,
and therefore chosen for this study, are summarised in
Table 2.

2.8 Other assumptions

The following data have been excluded:
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Table 2 Environmental impact categories

Impact category Unit

Name of method Reference

Climate change
Particulate matter

kg CO, eq
Disease incidences (described as
deaths in UNEP/SETAC [50])

Terrestrial and freshwater acidi- mol H* eq
fication
Land use Points (dimensionless)

Terrestrial eutrophication mol N eq

Water use (scarcity) m?> water eq deprived

IPCC [49]
UNEP/SETAC [50], pp.76-99,
Fazio, Castellani [51], p. 16

Seppald, Posch [52],

Posch, Seppala [53],

Fazio, Castellani [51]

Bos, Horn [54],

Fazio, Castellani [51], pp. 22-23

Seppald, Posch [52],
Posch, Seppala [53],
Fazio, Castellani [51]

UNEP/SETAC [50]

IPCC2013 100 year v.1.03

Particulate matter (PM) model
recommended by UNEP

Accumulated Exceedance

LANCA v.2.2

Accumulated Exceedance

AWARE

IPCC Intergovernmental Panel on Climate Change, UNEP United Nations Environment Programme, SETAC Society of Environmental Toxicol-
ogy and Chemistry, LANCA LANd use indicator value CAlculation in life cycle assessment, AWARE Available WAter REmaining

o Infrastructure for the foreground system (included for
the background system).

e Land use for the processing plant (included for rearing/
farming, and in the background system).

On the basis of the available literature scrutinised for
this study, these deficiencies have been considered to be
of minor importance. For those studies which have not
provided any information regarding insect manure, or so-
called frass, neither use nor treatment of frass have been
included when modelling. Final transport of the insect
meal has been added to the original data. The distances
used in the modelling for transport of the insect meal
to the west coast of Norway have been summarised in
Table 3.

3 Results

The result section is split into three parts. Firstly, the
reproducibility of previous studies is presented to display
the variation between original and reproduced results.

Secondly, the environmental impacts for different cases
are presented together with a contribution analysis. In the
third section, the results for insect proteins are compared
with results for other protein sources.

3.1 Comparison between reproduced and original
results

Reproduced results were made for the three principal
studies. Although it was not always possible, an endeav-
our was made to apply the same impact methods and
versions for the Life Cycle Impact Assessment (LCIA) as
in the original studies. In some cases, the correct version
of the impact methods was not available in the LCA tool
employed to model the systems. In such cases, available
(and more recent) versions of the same methods were
applied. Appendix 3 describes the impact methods used
for both the original and the reproduced studies, and com-
ments are included where these differ.

In Fig. 2, only the results of the reproduced studies are
shown. These are presented relative to the original results,
which have been defined as 100% for each indicator in

Table 3 Distances and means of transportation for insect meal delivered to the west coast of Norway (assumptions, based on Google maps

and sea-distances.org)

From To Distances
Rail Sea Road

Netherlands Avergy on the west coast of Norway Rotterdam—Avergy -

1380 km
France Le Havre—Avergy Paris—Le Havre

1710 km 200 km
Germany Berlin—Rostock Rostock—Avergy -

230 km 1450 km

SN Applied Sciences

A SPRINGERNATURE journal



SN Applied Sciences (2022) 4:183 | https://doi.org/10.1007/s42452-022-05065-1

Case Study

Fig.2 Results for the repro-
duced studies relative to the

Thévenot et al. 2018, mealworm larvae meal protein

Thévenot et al. 2018, mealworm larvae

Oonincx & de Boer 2012, mealworm larvae

Thévenot et al. 2018, mealworm larvae meal protein

Thévenot et al. 2018, mealworm larvae

Thévenot et al. 2018, mealworm larvae meal protein

Thévenot et al. 2018, mealworm larvae

Oonincx & de Boer 2012, mealworm larvae

Thévenot et al. 2018, mealworm larvae meal protein

Thévenot et al. 2018, mealworm larvae

Thévenot et al. 2018, mealworm larvae meal protein ..

Oonincx & de Boer 2012, mealworm larvae
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each study. Some original studies lacked information
regarding the indicator method. Hence, for these there
can be no certainty that the correct indicator version was
used in reproducing the results. In these cases, the bars are
shown in white and blue instead of just blue.

For those reproduced studies where the correct indica-
tor versions have been used, the reproduced results vary
between 81 and 193% of the original results. Of these, the
eutrophication results from [20] are the least consistent
with the original studies, being 149% and 193%. For cli-
mate change and acidification, however, the relative repro-
duced results are between 98 and 124%. In the original
study, the production of the mealworm diet contributed
82% to the eutrophication potential, while in the repro-
duction the diet contributes 88%. The entire difference
in eutrophication results is thus shown to relate to the
modelling of the diet, which could imply that changes in
the agricultural background processes are the reason for
the eutrophication mismatch. The reproduced Cumulative
Energy Demand (CED) results are 95% and 138% relative
to the original results.

Smetana et al. (2016), black soldier fly larvae meal

Thévenot et al. 2018, mealworm larvae T T R Y

?\

0% 20% 40% 60% 80% 100% 120% 140% 160% 180% 200% 220%

The results which have been reconstructed with the
same LCIA methods as the originals have been climate
change, land use and fossil energy on the basis of find-
ings by Oonincx and de Boer [25]. These results are 124%,
81% and 127% relative to the originals, respectively. It is
impossible to determine the exact acceptable deviation
percentage, but natural systems often show a variance of
30% [26] and the uncertainty in life cycle inventories must
be judged case by case [27, 28]. The conclusion was that
the comparison of results from original studies with the
reproductions ensured a level of similarity that is suitable
for the presentation of the results from other environmen-
tal impact categories.

3.2 Results for the constructed cases

This section shows results for the six constructed insect
protein cases for selected environmental impact catego-
ries and for the different life cycle stages. Table 4 shows
the aggregated results (see Table 1 for details regarding
each case).
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Table 4 Results for the environmental performance of rearing and processing insects into insect meal (per kg protein delivered to the west
coast of Norway)

FU=1 kg protein in insect Climate change Land use Water scarcity Respiratory inorganics Acidification terres- Eutrophi-

meal trial and freshwater cation
terrestrial
Source Case kg CO,-eq pt m3 disease incidences mol H*-eq mol N™-eq
Mealworm 1a 21.66 3658 4141 1.3E-06 0.182 0.703
Mealworm 1b 8.10 153 2.53 2.0E-07 0.028 0.088
Mealworm 2a 6.31 1772 16.16 6.4E-07 0.083 0.316
Mealworm 2b 237 151 4.38 1.8E-07 0.020 0.059
Black soldier fly larvae 3a 3.81 99 7.19 1.7E-07 0.027 0.095
Black soldier fly larvae 3b 3.15 48 2.91 1.2E-07 0.021 0.078

Figure 3 shows the extent to which the different life
cycle steps contribute in each case, for each impact
category.

The colours of the bars show that the most important
contributing factors vary, not only across environmental
impact categories, but also across cases within the same
impact categories. This is especially marked for the climate
change category where the diet (cases 1a and 2a), energy
for rearing (case 2a) or processing to insect meal (cases 3a
and 3b) is the most important factor, respectively. The fig-
ure does not, however, display the differences in absolute
values between the different cases.

100 %

Absolute climate change results for the constructed
cases, split into life cycle steps, are shown in Fig. 4.

There is a noticeable difference between the impacts
for the mealworm and black soldier fly larvae cases when
using the original diet (1a, 2a and 3a) and modified diet
(1b, 2b and 3b). This is especially true for the mealworm
cases (1 and 2) where the original diet is based on feed
with a high economic value. When the diet is changed to
waste resources, which have fewer environmental burdens
allocated to them, while at the same time other inputs and
outputs remain unchanged, the impacts are substantially
decreased. For the two mealworm cases using the original

I [ II 11 I|| ! I I
80 %
60 %
40 %
) \ I | | ‘ |
. I | LR
la 1b!l>333b la 1b 2a 2b 3a 3b 1a 1b 2a 2b 3a 3b 1a 1b 2a 2b 3a 3b 1a 1b2a!)3a3b la 1b2al3a3b
Climate diange Land use Water scarcity Respiratory inorganics Acidification terrestrial ~ Eutrophication
and freshwater terrestrial
-20 %

m Direct gas emissions from insects m Diet for larvae
Water, equipment and area for rearing larvae

Transport of insect meal to the Norwegian west coast

W Frass replacing fertiliser (avoided burdens)

m Energy for rearing larvae

m Processing to insect meal

Fig.3 Contribution analysis for the environmental performance of rearing and processing insects into insect meal (for protein delivered to

the west coast of Norway)
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Fig.4 Climate change results
for rearing and processing
insects into insect meal (per kg
protein delivered to the west
coast of Norway)
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o N &~ O
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Mealworm

diet (1a and 2a) the insect feed contributes most (65% to
99% depending on impact category). When employing the
modified diet (1b and 2b), the sum of the energy for rear-
ing and processing steps becomes most important (55% to
93%) for five of the six impact categories (for the land use
category, diet is still the most burdensome step). The use
of vegetable waste resources is also beneficial in feeding
black soldier fly larvae (case 3b), but the effects are not as
prominent, as the original diet case (3a) is already primarily
using low economic value by-products.

According to literature, the most important parameters
affecting the environmental footprint when rearing insects
are insect species, insect diet and location/temperature.
In this study, the analysed cases are too few to draw any
statistical conclusions regarding species and location. It
seems, however, clear that the insect diet forms an impor-
tant parameter. The results have therefore been grouped
into the following diet categories:

e Vegetables with high economic value (mixes of grains,
flour, bran, vegetables and beer yeast)

e Vegetables with low economic value (distiller’s dried
grains with solubles, spent grains, cookie remains)

The results are grouped and shown for several indica-
torsin Fig. 5.

For all indicators, a change from vegetables with a high
economic value to those of a lower value, creates a reduc-
tion in the burdens. The effect is least pronounced for cli-
mate change, where the lowest impact for the diet with
high economic value is smaller than the highest impact
for the diet with low economic value. All the other impact
categories show the vegetable diet with low economic
value to be the better option for the entire range.

1b

Mealworm

Climate change results

m Direct gas emissions from insects
Diet for larvae
® Energy for rearing larvae
Water, equipment and area for rearing larvae
m Frass replacing fertiliser (avoided burdens)
Processing to insect meal

Transport of insect meal to the Norwegian west coast

2a 2b 3a 3b

Mealworm Mealworm Black soldier fly

larvae

Black soldier fly
larvae

Land use is even more affected by the insect diet than
the other indicators. For the mealworm cases, the change
of diet to less economically valuable waste resources
lead to a reduction of over 90% in the land use category.
Another revelation is that in the analysed cases, the diet
based on mixed grains, carrots and beer yeast (in 1a) is
more burdensome for the land use indicator than cereal
flour, wheat bran and beet pulp (in 2a) when rearing
mealworms.

The utilising of frass (insect manure) to substitute min-
eral fertiliser was included for case 2a/b (mealworm) only.
In these analyses, the effect was most pronounced for
the climate change indicator, where the avoided burdens
accounted for 12%-16% of the net burden.

Transport from Europe (the Netherlands, France, Ger-
many) to the west coast of Norway makes only a marginal
contribution to the results (less than 4.5% for all cases and
indicators). Transport of feed for the insects is also of lit-
tle importance (4% or less for the cases using the original
diet), as are direct gas emissions from insects and sub-
strate, contributing 5.5% to climate change in case 2b, and
2.1% or less in the other cases.

3.3 Comparison of protein results
from the constructed insect cases with protein
from more conventional sources

This sub-section compares the environmental perfor-
mance of insect protein with other protein sources used
for fish feed. A recent study presents the greenhouse gas
emissions for salmon feed ingredients in Norway in 2017
[29]. According to this study, the four protein ingredients
constituting the greatest proportion of feed formulated for
farmed salmon in Norway in 2017 were soy protein (36% of
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Fig. 5 Results for rearing and processing insects into insect meal, presented for two groups based on insect diet (results given per kg pro-
tein delivered to the west coast of Norway). Number of insect cases: 6 in total

the protein ingredients), wheat protein (16%), blue whit-
ing fish meal (10%) and faba beans (5%). Results from that
study combined with assumed protein content of 40% for
soy [30], 14% for wheat [31], 70% for blue whiting [32] and
31% for faba beans [33] give the following climate burdens
for these protein ingredients; 15.0 (soy), 21.3 (wheat), 3.3
(blue whiting) and 9.0 (faba beans) kg CO,-eq/kg crude
protein.

Fig.6 Climate change results 22
for insect meal (per kg protein
delivered to the west coast of
Norway) compared with refer-
ence products (per kg deliv-
ered to feed mill in Norway)

kg CO,-eq/kg protein in insect meal

Climate change results for the constructed cases are
shown in Fig. 6 together with results for the most impor-
tant salmon feed protein ingredients in Norway today.

Insect protein shows both the highest (1a) and the
lowest (2b) impact on climate change. Thus, the grouped
results for climate change are shown in comparison with
the reference protein sources in Fig. 7.

14
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6
4
2 s BB [
0

-2
la 1b 2b 3a 3b Reference Reference Reference Reference
Mealworm Mealworm Mealworm Mealworm Black Black  Soy protein Wheat Faba bean Blue
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Fig. 7 Climate change results for insect meal, presented for two groups based on insect diet (results given per kg protein delivered to the
west coast of Norway) compared with reference products (per kg delivered to feed mill in Norway). Number of insect cases: 6 in total

Figure 7 shows that the climate change burdens for
the low value diet insect proteins are the same or better
than today’s crop-based fish feed ingredients in Norway.
Three of the four low value diet insect proteins can even
compete with the blue whiting fish meal protein. For
the farmed salmon feed ingredients, Land Use Change
(LUC) contributes to the climate change burden. There is
agreement that LUC is a major contributor to greenhouse
gas emissions in agriculture [24] and that LUC should be
included in LCA [34, 35], while there is at the same time
discussion around the basis for calculation of LUC. A sen-
sitivity analysis was therefore performed on the reference
farmed salmon feed ingredients, removing the LUC con-
tribution. The result shows, however, that excluding the
LUC contribution made by the reference proteins does not
affect the ranking of the different proteins.

Itis relevant here to establish the amounts of these low-
value vegetables, fruits and grains, and the potential for
insect-based protein production employing these quan-
tities as insect feed. A simplified calculation relating to
wastage of vegetables and cereals in EU in 2013 [36] and
the amounts required to produce mealworms [25] shows
a theoretical potential annual production of 1.8 - 2.7 mill
tonnes crude insect protein. The EU protein balance sheet
[37] states that in 2016 the crude protein deficit for animal
feed was 17.6 mill tonnes; thus proteins from insects can,
in theory, provide 10-15% of the crude protein currently
imported to the EU.

4 Discussion

The first three sub-sections here mirror the results sec-
tion, with discussion of: (1) comparison between repro-
duced and original results; (2) the results for different

environmental impacts in the constructed insect protein
cases; and (3) comparison of insect proteins with other
protein sources. In addition, there is a more general discus-
sion of the environmental performance of protein sources
and the way it should be documented.

4.1 Comparison of reproduced and original results

As the reproduced results are both below and above 1,
relative to the original results, and no particular trend can
be seen, the most likely reason for the greatest variations
would appear to be the differing LCIA methods used in the
originals and reconstructions. Where identical LCIA meth-
ods were used, the results show a maximum difference
of 30% from the original which was deemed acceptable.
For these, relative results of less than 1 arise most prob-
ably from missing data in the reconstruction, while rela-
tive results greater than 1 could stem from background
data (from databases) becoming more comprehensive,
and burdensome, as databases are updated. In addition,
the mealworm diet information in the original studies was
provided on a comparatively crude basis, mentioning the
amounts of the principal feed groups (mixed grains, cereal
flour and meals), but not the specific content within each
group. The amount of mixed grains was, for example, given
without details regarding the relative share of wheat bran,
oats, soy, rye and corn, and this is a major source of error.
The least consistent result was for eutrophication and this
was 100% in relation to the insect diet. As land farming
is frequently connected with eutrophication, it would
seem fair to assume that agricultural background pro-
cesses might have changed, causing a discrepancy in the
eutrophication results.

The reconstruction of results gave no indication as to
whether crucial input data were missing in this study’s
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reproductions. As several of the LCIA methods, such
as those for land use and respiratory inorganics, are
employed for the first time, these results are difficult to
assess because of a lack of previous results for comparison.

4.2 Constructed cases

In the original studies, neither data concerning infrastruc-
ture and land use for the processing plant, nor data on the
use of antibiotics, vitamins and vaccinations, were avail-
able. These omissions are, however, regarded as minor in
the available literature, as, for example by Halloran et al.
[9] who made the assumption that the use of antibiotics
in insect farming would have a negligible effect on the
environmental burdens. The utilisation of frass was con-
sidered in two cases only (mealworm), and the results
should therefore not be regarded as valid for the produc-
tion of insect protein in general. Since, however, the effect
of using frass did not turn out to be especially important
(12%-16% at the most), and the effect of utilising animal
manure is one of the primary contributors in other sys-
tems [38], the authors assume that omitting waste treat-
ment of frass is of less importance. Direct gas emissions
from insects and substrate were included in six of the
eight cases. These gas emissions contributed less than
5.5% to climate change. These numbers should, however,
be treated with care, as direct insect gas emissions are
affected by several parameters (species, diet, temperature,
stage of development, and activity level) [39], and little
information is available about emissions from insects used
in production systems.

The protein sources have been compared on the basis
of crude protein content. A recent study [40] revealed that
calculation of the protein content in insects based on a
nitrogen-to-protein conversion factor of 6.25, as has often
been the case, overestimates the protein content. This is
due to the additional presence of non-protein nitrogen in
the insects. When reproducing results from original stud-
ies and constructing new cases, the inventory data given
by the studies in question have been employed [21, 25].
This also applies in the case of protein content. These stud-
ies have not referred to any conversion factors for protein;
instead they have mentioned average percentage and
generic composition of insects. It is, therefore, not clear on
which basis the protein content has been calculated, and
this is a cause for concern. Assuming that the constructed
cases are based on a nitrogen-to-protein conversion factor
which is too high, an uncertainty analysis was performed
to show how the results changed. The climate change
results for the constructed cases were divided by 0.76,
corresponding to reducing the nitrogen-to-protein con-
version factor from 6.25 to 4.76 [40]. The average climate
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change result for the low value diet insect proteins then
showed a change in the ranking in comparison with blue
whiting. Nevertheless, one of the insect proteins still had
a lower climate change burden than blue whiting, and,
when compared with the average crop-based fish feed
ingredients, the low value diet insect proteins still had a
better modified average climate change result. This was
true even when no LUC was included for the crop-based
proteins.

The composition of various proteins and anti-nutritional
components could vary between the different insect spe-
cies, however these qualities have not been taken into
account. A review paper by Pinotti and Ottoboni [41]
showed, nonetheless, that the fatty acid profile of black
soldier fly larvae is only affected by the substrate to a lim-
ited extent.

4.3 Insect protein from constructed cases compared
with conventional proteins

Insect producers’ websites and news articles refer to the
insect diet as 'left-overs’[42, 43]; plant waste [44]; food
waste [44, 45] or low-grade food waste [46]; wet organic
waste [42]; food industry by-products, and vegetables,
fruits and grains from food production and agricultural
refining [47]. The authors therefore recommend that in fur-
ther comparison with other protein sources, the results for
the cases in the ‘Vegetable diet with low economic value’
category are employed.

The results showed that proteins from insects fed on
agricultural wastes can, in theory, provide between one-
sixth and one-tenth of the imported protein feed in the
EU. Although such insect proteins cannot provide a total
solution to filling the protein gap, they can form an impor-
tant part. One should, however, also be aware that many
initiatives exist both for the reduction of waste from food
value chains and for valorising it for different purposes.
As a result, feed for insects that would be regarded as
having low value today could become more scarce and
gain higher value within the near future. When economic
allocation is used for the LCA, this becomes even more
important.

The EU seeks a greater level of protein self-sufficiency,
and protein from insects has been put forward as a pos-
sible alternative source. The insect proteins that are most
likely to be utilised as fish feed, having a diet based on
vegetables with low economic value, have a climate
change burden in line with and well below these crop-
based fish feed ingredients. Three of the four insect
proteins also compete with the blue whiting fish meal
protein. Some of the climate change burden for the
farmed salmon feed ingredients were created by LUC,
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but even when assuming no LUC for the farmed salmon
feed ingredients, these conclusions for the insect pro-
teins still hold.

The comparison between insect proteins and other
protein sources is only performed for the climate
change category. Although the insect proteins show
comparable performance in the climate category, closer
scrutiny is required to ensure that they also have com-
parable performance in the other environmental impact
categories.

4.4 The contribution of LCA method choices

For all indicators, the burden for insect protein is consider-
ably lowered when insects are fed with a diet of low-value
vegetables (‘waste’) instead of high-value vegetables.
The effect is most pronounced for the land use indicator
and is least for climate change. This leads to results which
indicate that insect protein has the potential to compete
environmentally with existing protein sources for fish feed.
It cannot, however, be taken for granted that any insect
protein is environmentally beneficial, as this comparison
has been made with a limited number of cases. Another
important precondition is the choice of allocation method
in the background database for the insect diets. As the
background database uses economic allocation, low-
value vegetables (‘waste’) are given a lower burden than
if the allocation had been based on mass. The choice of
allocation method is not, however, purely an issue for the
insect protein results. The same effects can occur for the
conventional proteins, as in certain cases these are also
co-produced with other products, and allocation is thus
applied in the background database.

The choice of functional unit could have a major
impact on the results. Comparisons shown here are
based on a functional unit defined as 1 kg of crude
protein. The dependency on the way crude protein is
calculated or approximated creates a problem. This is
probably most pronounced for the insects, as they are
known to contain non-protein nitrogen, but it could
also be of relevance for the conventional proteins. The
protein content of plants and animals shows variation
across species and locations and should therefore be
specified for particular protein sources. In addition,
crude protein is a generic term that hides the actual
performance of the protein source for the animal being
fed. Different animals require different compositions of
proteins, and the protein sources might comprise so-
called anti-nutritional factors or have a taste or a level
of digestibility that affects the utilisation of the protein
source in a feed. If the protein source is used for feed for
food-producing animals, a better functional unit would

relate to the growth and nutritional value of the animal
being fed; even better would be a connection to the
nutritional value for humans.

System boundaries connected to time, location, and
technologies are important for results, and especially for
emergent production systems such as those for insect
proteins. Important parameters could and will change
as experience is gained and production scaled up. At the
same time, there will be changes in underlying energy and
logistics systems, and these will in turn alter the ranking
between different protein sources. Data will have to be
updated for insect proteins as well as other proteins to
ensure valid comparisons in the future.

This study employed environmental impact categories
presented as being especially relevant in the PEFCR for
food for feed-producing animals [24]. Some of these cat-
egories are connected to immature LCIA methods where
the uncertainty of the model itself is high and the inclu-
sion of data might either vary across value chains or be
too scarce. Only experience will reveal whether the cat-
egories show the all-important and essential effects. This
study makes a contribution towards the gaining of such
experience.

5 Conclusions

The aim of the study has been to transform existing knowl-
edge on insect proteins into LCAs, so as to enable com-
parisons with more conventional proteins. This has been
achieved by reproducing results from previously published
and peer-reviewed studies, and by combining invento-
ries in LCA models using consistent system boundaries,
background data and indicators. The PEFCR for “Feed for
food-producing animals”[24] have been applied to secure
similar treatment of different production chains. The focus
has been on insect protein which has the potential to be
used as fish feed.

This study is one of the first attempts at using proposed
environmental impact categories for Product Environ-
mental Footprints (PEF). Employment of the same data-
base and similar choices of method in the LCA modelling
has ensured the comparability of different insect protein
sources across environmental impact categories.

As the insect diet is shown to dominate in the results, a
practicable grouping would be based on the insect diet:
vegetables with high economic value and vegetables with
low economic value. In the ‘high economic value’ cases the
insect diet makes the greatest contribution. The burdens
decrease when the diet is changed to a basis of low value
resources. The effect is most pronounced for the land use
indicator and least for climate change.
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For the two cases where frass substituted mineral fer-
tiliser, the net climate change results were reduced by
12%. In addition, direct gas emissions from insects and
substrate seem to be of little importance, although these
numbers should be used with caution as there are major
uncertainties. Transport from Europe to the west coast of
Norway contributed only marginally to the environmental
burdens for insect meal protein.

Insect protein based on vegetables with low economic
value have the potential to compete environmentally
with existing protein sources for fish feed. It is important
to note that these results are affected by the choice of allo-
cation method in the background database for the insect
diet (economic allocation) as well as by assumptions made
regarding protein content in insects. Proteins from insects
can in theory provide 10—15% of the imported crude pro-
tein for feed to the EU.
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Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.
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