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Abstract
Purpose  The inclusion of insect protein into the food system has been proposed as a promising solution to ensure future food 
security and mitigate negative environmental impacts related to food production. However, the market volume for edible 
insects in Europe is still small; consequently, producers need a decision-support system to ensure the sustainable upscaling 
of the sector. The study analyzed environmental and economic impacts of insect production to identify the most eco-efficient 
production scenarios.
Methods  A novel modular eco-efficiency assessment approach was developed to analyze the production of dried Hermetia 
illucens larvae. An exemplary, industrial-scale insect production system was disaggregated into a total of 29 module variants 
that can be combined into 4608 distinct production scenarios, which are characterized by different feeds, energy efficiencies, 
and processing technologies. Environmental life cycle and cost assessments were carried out for each module variant, and 
eco-efficiency assessment was used to jointly assess these two sustainability dimensions. Additionally, the influence of the 
insect feed on the production system performance and impact was investigated by employing feed-specific scaling factors. 
These were used to aggregate module results into production scenario results.
Results and discussion  The most eco-efficient production scenarios include energy-efficient rearing facilities that rely on 
blanching and microwave drying for processing. The insect feed is the largest contributor to the environmental impacts and 
costs, but from an eco-efficiency standpoint, the choice of feed might not be crucial. Waste-type feeds (e.g., manure, fruit, 
and vegetable waste) have low environmental impacts and costs, but the production scenarios based on these feeds are less 
efficient. The low impacts of the feed are offset by higher impacts during the rearing and processing stages. Conversely, 
scenarios based on higher quality feeds (e.g., by-products like wheat middlings or distiller’s grains) require less resources, 
but the initial feed impacts and costs are higher. Moreover, of the feed types studied, only highly processed ones, such as 
compound chicken feed, should be avoided for insect rearing.
Conclusions  The developed modular assessment approach is efficient in assessing multiple potential insect production sce-
narios. It can be adapted to incorporate additional variations of the production system via additional modules. Limitations 
include the potential for redundant module combinations and the up-front time investment needed. Finally, the results are 
sensitive to methodological choices: thus, these should be carefully considered and communicated during the design of the 
modular assessment system.

Keywords  Black soldier fly · Life cycle assessment · Cost assessment · Eco-efficiency · Insects for food and feed · Modular 
assessment · Scaling factors

1  Introduction

1.1 � Edible insects

To ensure future food security, the global food production 
needs to be scaled up and intensified. But resources like 
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water and arable land are limited, and agriculture, especially 
livestock production, already exerts substantial pressures on 
the environment. The inclusion of edible insects into the 
food system, for direct consumption or as livestock feed, 
has been proposed as a promising solution. The protein-
rich insect biomass can, for example, be used to (partially) 
replace other protein sources like fishmeal or soymeal in 
aquaculture or poultry feed (Sánchez-Muros et al. 2014; 
Henry et al. 2015; De Marco et al. 2015). Edible insects offer 
several advantages over traditional livestock: a higher feed 
conversion efficiency, lower land use and greenhouse gas 
emissions, and the ability to valorize waste and side streams 
to name a few (van Huis 2013). For example, replacing 50% 
of animal products with mealworm larvae could lead to a 
37% reduction of agricultural land use for food, assuming 
that insects would be fed with the same diet as traditional 
livestock (Alexander et al. 2017).

Industrial production of edible insects can generally be 
separated into four main activities: the preparation of the 
feeding substrate, the rearing and harvesting of the insects, 
the processing of the insects, and breeding of new insects 
(Kok 2021). The production system can be based on a con-
tinuous or a batch process and can vary considerably in 
duration and design, depending on the type of insect that 
is farmed. Insect feed and operating conditions (such as 
temperature, ventilation, lighting, and population density) 
need to be adjusted to the insect species’ needs (Cortes Ortiz 
et al. 2016). Some typical rearing durations, depending on 
feed and other conditions, are 12–34 weeks for yellow meal-
worms (Tenebrio molitor), 7–24 weeks for house crickets 
(Acheta domesticus), and 3–5 weeks for Black soldier fly 
(BSF, Hermetia illucens) (Oonincx et al. 2015).

Once the insects reach the desired size, they are separated 
(or harvested) from the remaining feeding substrate and 
frass, washed, and then killed, commonly by blanching or 
freezing (Dossey et al. 2016). Further processing steps can 
include drying, grinding, and extraction of proteins or lipids, 
depending on the desired final output (for example, dried 
whole insects, protein meal, or insect fat) (Melgar-Lalanne 
et al. 2019). Additionally, emerging processing technologies 
(pulsed electric fields, microwave drying, high-pressure pro-
cessing, etc.) are also garnering the interest of insect produc-
ers (Shorstkii et al. 2020; Smetana et al. 2020; Alles et al. 
2020). The rearing residues can be used as a fertilizer or 
soil enhancer with similar properties as compost (Kawasaki 
et al. 2020).

Considering recent improvements in clarification of leg-
islative barriers (EFSA Panel on Nutrition et al. 2021), it is 
envisioned that by 2023, the amount of protein sourced from 
insects in Europe could double (Guiné et al. 2021). As the 
insect industry continues to grow rapidly, a decision support 
system is needed to sustainably upscale insect production 
in Europe.

1.2 � Assessment methods

Life cycle assessment (LCA), an internationally standard-
ized framework, is a comprehensive method for quantify-
ing environmental impacts across the life cycle of prod-
ucts, processes, and more complex systems (Hellweg 
and Milà i Canals 2014). It is an iterative approach that 
consists of the phase’s goal and scope definition, inven-
tory analysis, impact assessment, and interpretation. In 
a conventional LCA, a product’s life cycle is modeled 
through material flow models from “cradle-to-grave” or 
other system boundaries, depending on the goal and scope 
of the assessment. Based on this life cycle inventory, the 
environmental impacts are assessed and related to the 
functional unit of the studied system. LCA can be a time- 
and data-intensive task, especially when many alternative 
value chains or life cycles are to be analyzed in a com-
parative assessment. A modular LCA approach has been 
developed to streamline such comparative assessments 
(Jungbluth et al. 2000; Rebitzer 2005; Buxmann et al. 
2009; Steubing et al. 2016). In modular LCA, a production 
system is broken down into independent modules which 
can be recombined to represent different value chains or 
production scenarios. Then each module is modeled and 
assessed separately, and the module results are aggregated 
to value chain results using scaling factors. This can save 
time compared to conventional LCA, where each alterna-
tive value chain is generally modeled individually through-
out the life cycle. However, an up-front time investment 
is needed in modular LCA for definition of modules and 
scaling factors. A detailed description of the method can 
be found in the literature (Rebitzer 2005).

Life cycle costing (LCC) is a technique to assess the 
costs of a product or a system across its life cycle. In its 
conventional form, it is a purely economic assessment, 
similar to the total cost of ownership approach. Envi-
ronmental LCC was developed as an extension of this to 
align with LCA. In addition to the direct internal mon-
etary costs, it seeks to also incorporate certain external 
costs caused by environmental impacts. The environmen-
tal impacts of a system need to be identified before their 
externalities can be considered in an environmental LCC. 
Consequently, an LCA must be carried out alongside or 
prior to an environmental LCC. Both assessments must be 
based on the same product system, defined by equivalent 
goal and scope statements (Hunkeler et al. 2008).

Eco-efficiency assessment (EEA) considers the envi-
ronmental and value (economic) aspects of a production 
system in parallel. The system’s environmental impact 
(assessed through LCA) is set in relation to a value indi-
cator (e.g., monetary costs assessed through LCC) as 
described by the international standard (ISO 14045 2012). 
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EEA is a relative assessment method which allows for 
comparative assertions between several alternative prod-
ucts or scenarios but not for absolute result conclusions 
(Saling 2016).

1.3 � Literature review

Previous sustainability assessment studies of insect produc-
tion for food and feed, published in the last decade, con-
centrated on the black soldier fly (BSF), Hermetia illucens 
(Table 1) (Smetana et al. 2021). Most studies assessed envi-
ronmental aspects but only a few also considered economic 
aspects of insect cultivation (Roffeis et al. 2018; Pleissner 
and Smetana 2020; Ites et al. 2020). Publications on the 
eco-efficiency of insect production could not be identified.

Most LCAs performed for cradle-to-gate boundaries 
indicate that the production of the feeding substrate is the 
main contributor to the global warming potential of insect 

production (Oonincx and de Boer 2012; Smetana et al. 2016, 
2019; Bosch et al. 2019; Ites et al. 2020). Land use, eutrophi-
cation, and acidification are also predominantly attributable 
to the feed (van Zanten et al. 2015; Salomone et al. 2017; 
Smetana et al. 2019; Bava et al. 2019; Ites et al. 2020). 
The system boundaries of the studies range from “cradle 
to farm gate,” which includes the stage production of feed-
ing substrate and insect farming, to “cradle to processing 
gate,” which also includes processing steps like drying or 
grinding. Only one study also included the use phase in the 
assessment (“cradle to plate”) (Smetana et al. 2015). Half 
the studies included impacts from infrastructure (i.e., build-
ings and equipment). The sole LCC study of insect produc-
tion (Roffeis et al. 2018) found that labor accounted for the 
largest share of the system’s costs (67%), followed by the 
feed (15%).

The available studies in the literature rely on several dif-
ferent impact assessment methods and midpoint and endpoint 

Table 1   Impacts of H. illucens production indicated in published studies (impacts on climate, land use, and water use are included)

AWARE water use in m3 (Boulay et al. 2018), ALO agricultural land occupation, CC climate change or global warming potential in kg CO2-eq, 
LU land use or land occupation in m2 (arable), LU1 land use in kg C deficit, WD water depletion or water resource depletion in m3 or m3 eq., WU 
water use in L deprived. *Recalculated for 1 kg DM of whole larvae

Studies Reference unit System boundaries Diet for insects Method Impacts

Bava et al. (2019) 1 kg DM whole larvae Cradle to processing 
gate

Control hen diet ILCD 2011 Midpoint 
V1.03

CC: 5.76
LU1: 94.7
WD: 1.26

Food processing 
by-products (okara, 
maize distiller’s 
grains, wet brewer’s 
spent grains)

CC: 0.68–1.95
LU1: 1.25–4.92
WD: 0.75–1.16

Bosch et al. (2019) 1 kg of protein Cradle to farm gate 27 different feeding 
substrates (using 
data from several H. 
illucens studies)

Separate indicators CC: 3–19
LU: 0–67

Ites et al. (2020) 1 kg DM whole 
larvae*

Cradle to processing 
gate

Expired food products, 
potato peels,  
brewery grains

IMPACT 2002 +  
Version 2.21

CC: − 6.42 to 2.0
LU: − 16.8 to − 0.006

Maiolo et al. (2020) 1 kg DM defatted 
meal

Cradle to processing 
gate

Cereal by-products/
grains

CML-IA baseline 
V3.05; AWARE

CC: 2.0–4.9
AWARE: 2.6–7.2

Roffeis et al. (2015) 1 kg DM whole 
larvae*

Cradle to processing 
gate

Manure diet ReCiPe 2008 LU: 4.4–7.7
WD: 113.9–187.6

Roffeis et al. (2017, 
(2020)

1 kg DM whole larvae Cradle to processing 
gate

Manures and organic 
wastes

ReCiPe method (V 
1.11)

CC: 4.5–12
ALO: 5.5–61
WD: 8.5–11

Salomone et al. (2017) 1 kg DM whole 
larvae*

Cradle to processing 
gate

Mixed food waste CML 2 baseline 2000 
method and GWP 
100a v. 1.02 method

CC: 1.0
LU: 0.022

Smetana et al. (2016) 1 kg DM defatted 
meal

Cradle to processing 
gate

Various standard 
feeds, manures, 
wastes

ReCiPe V1.08 and 
IMPACT 2002 + 

CC: 1.36–15.1
LU: 0.0032–7.03

Smetana et al. (2019) 1 kg DM dried meal Cradle to processing 
gate

Side streams from 
milling, alcohol  
production,  
breweries

IMPACT 2002 + and 
IMPACT World for 
WF

CC: 5.3
LU: 1.9
WU: 2.8
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indicators to report their results. The three most common 
impact categories include climate change, energy use, and 
land use; and these are the categories for which insect produc-
tion has relevant impacts. The choice of allocation method 
also varies across studies. Some studies assign the total system  
impact to the insect output (Salomone et al. 2017; Maiolo et al.  
2020), while others rely on economic allocation and thereby 
also assign some impact to the by-product (Smetana et al. 
2016; Salomone et al. 2017; Roffeis et al. 2017, 2020; Ites 
et al. 2020). Yet other studies employ system expansion and 
consider the avoided production of compost, fertilizers, fish-
meal, or even food products (Salomone et al. 2017; Mertenat 
et al. 2019; Smetana et al. 2019; Bava et al. 2019).

Table 1 lists select methodological aspects and results 
of LCA studies of the production of H. illucens larvae for 
food and feed. Elements of the studied systems, such as the 
reference unit, the system boundaries, and insect diet, dif-
fered greatly, as do the applied impact assessment methods 
and LCA results. While the existing scientific assessments 
provide useful insights into the environmental performance 
of insects as food and feed, the research design varies widely 
between studies and does not allow for a direct benchmark-
ing of production systems (Smetana et al. 2021). A com-
prehensive assessment tool for the systematic comparison 
of different production systems is needed to aid decision-
makers in sustainably upscaling edible insect production.

1.4 � Objective

The motivation of this study is to better understand the envi-
ronmental impacts and costs associated with the production 
of insects and use these insights to provide decision support 
to stakeholders in the edible insect sector. The goal is to 
identify the most eco-efficient way of producing insects as 
a protein source for food and feed. To that end, a modular 
approach was developed to systematically model and assess 
different industrial-scale production scenarios and analyze 
trade-offs between choices along the value chain, with a spe-
cific focus on how insect feed influences total system perfor-
mance and resulting environmental and economic impacts 
and final eco-efficiency.

2 � Methods

2.1 � Overview of the applied modular assessment 
method

This study employs a modular eco-efficiency approach, 
which was developed as a combination of the modular LCA 
approach and the standardized EEA method. It comprises 
three stages: the modularization of the production system, 
the assessment of the defined modules, and the assessment 

of production scenarios (Fig. 1). Like LCA and EEA, this 
approach is iterative: the stages build on one another but 
changes in one stage generally require adjustments in the 
others.

The goal of the first phase, modularization, is to define 
a production system to be studied and break it down into 
independent modules, which can be recombined to represent 
different production scenarios. Modules can exist in one or 
more variants, which represent alternatives within produc-
tion scenarios (e.g., different processing technologies). The 
production system was disaggregated into ten modules and 
a total of 29 module variants. To aggregate these modules to 
scenarios, scaling factors are needed. These determine the 
amount (or reference flow) of each module that is needed to 
fulfill the module’s function in the production scenario (e.g., 
how much feed is needed to produce 1 kg of insect output). 
Six sets of scaling factors, which depend on the main deter-
minant of system performance, the feed, were calculated 
(see Sect. 2.2).

The second phase, assessment of modules, consists of a 
life cycle inventory analysis of each module variant (quanti-
fication of inputs and outputs) followed by an environmental 
assessment (LCA) and cost assessment (LCC). This yields 
a set of results for each module variant which can be aggre-
gated to represent results on a production scenario level (see 
Sect. 2.3).

In phase three, the production scenarios to be assessed 
are determined, and the production scenario results are cal-
culated. At this stage, the module results can be used for 
multiple purposes. Specific production scenarios can be ana-
lyzed by combining the module variants that best represent 
it. Alternatively, the variant results can be used to determine 
a best-case or worst-case scenario out of all possible module 
variant combinations (e.g., which scenario has the highest 
climate change impact or lowest cost). In this study, the goal 
is to determine the most eco-efficient production scenario. 
Six scenarios were selected, we then calculated the scenario 
results and carried out an eco-efficiency assessment of these 
results (see Sect. 2.4).

2.2 � Phase 1—Modularization

2.2.1 � Description of studied system

The function of the studied system is the production of pro-
tein for food and feed from dried BSF larvae, represented 
by the functional unit 1 kg crude protein. The cradle-to-
gate system boundaries include the production of the feed-
ing substrate, the production of seed larvae, and the rearing, 
harvesting, and processing of the larvae (Fig. 2). The studied 
system has two outputs: the main product, dried larvae, and 
the by-product residual biomass (consisting of leftover feed-
ing substrate, insect droppings, and other organic wastes). 

1962 The International Journal of Life Cycle Assessment (2021) 26:1959–1976
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This multifunctionality is handled via system expansion: 
the residual biomass output is handled as avoided compost 
production, because it is assumed to have similar properties. 
Multifunctionality in the background system (specifically 
the production of the feed ingredients) is handled via eco-
nomic allocation.

2.2.2 � Modularization—preliminary considerations

The modularization of the studied production system 
was carried out according to the following preliminary 

considerations. The production system has a function, in 
this case the production of protein in the form of dried 
BSF larvae. A module fulfills a subfunction of the produc-
tion system and has defined module boundaries. Modules 
should encompass activities that are easily separable from 
upstream, downstream, and, if applicable, parallel activi-
ties. Activities that are expected to contribute a significant 
share to the environmental or economic impact of the system 
should be assigned to a separate module to facilitate contri-
bution analysis. Modules should be defined at positions in 
the production chain where alternatives arise. This way the 

Fig. 1   Applied method for a 
modular eco-efficiency assess-
ment of different edible insect 
production scenarios

1963The International Journal of Life Cycle Assessment (2021) 26:1959–1976
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alternatives can be represented by different module variants. 
Furthermore, modules may need to be defined out of meth-
odological necessity (e.g., to handle multifunctionality of the 
system). And lastly, data availability plays a significant role 
because a production process can only be disaggregated into 
modules when there is sufficient data for modeling.

2.2.3 � Modularized production system

The previously defined hypothetical production system was 
disaggregated into ten modules according to the above con-
siderations (Fig. 2). Module M1 encompasses the production 
of the feeding substrate, including the primary production 
of the feed ingredients, their transport to the insect rearing 
facility, and the preparation of the feeding substrate prior to 
feeding. The production of seed larvae (5-day-old larvae) 
takes place in the breeding and nursery unit which is con-
tained in module M2. The feeding substrate from M1 and 

the seed larvae from M2 are inputs into the insect rearing 
unit, which is divided into modules M3–M7. M3 entails the 
internal transport and distribution of feed. The climate con-
trol system of the unit is represented in M4. Utilities, clean-
ing, and internal transport within the unit are consolidated 
in M6, management of the rearing unit. Lastly, the insects’ 
metabolic emissions during the rearing phase are covered 
in M5. At the end of the rearing phase, the insects are sepa-
rated from the residual biomass and washed, described by 
module M7. The processing stage comprised two modules: 
M8 encompasses the killing (pre-processing) of the larvae, 
and M9 entails the drying step, yielding the final dried larvae 
product output. To account for the co-product residual bio-
mass via system expansion, the avoided compost production 
(M10) was included as a system credit.

Subsequently, a total of 29 module variants was defined 
for the ten modules. For module M1, these are based on 
different feed ingredients. Modules M2, M4, and M6 have 

Fig. 2   Scheme of insect production system modularized for further analysis
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variants based on reductions of the specific energy and water 
consumption. Modules M8 and M9 have variants based on 
alternative processing technologies. The remaining modules 
only have one variant each. An overview of all modules and 
variants is provided in Table 2.

2.2.4 � Scaling factors

In order to aggregate module results to production scenario 
results, scaling factors are needed. These scaling factors 
determine the reference flow of each module that is required 
to fulfill the system function, for example, how much feed-
ing substrate (M1) and seed larvae (M2) are needed to yield 
1 kg crude protein from dried larvae (functional unit of 
the system). As previously remarked, the performance of 
insect rearing systems is dependent on the type of feed-
ing substrate used because it influences aspects like the 

conversion efficiency, the survival rate and development 
time of the larvae, and the composition of the final insect 
output (e.g., protein, lipid, and water content). Therefore, 
substrate-specific scaling factors were conceived to incor-
porate the influence of the feed into the assessment of dif-
ferent production chains. As there are six feeding substrates 
in the system (M1 variants), six sets of scaling factors (SF) 
were developed (Table 3) for module reference flows related 
to the production of crude protein from dried larvae. The 
underlying data was sourced from literature on insect rear-
ing trials. A detailed description of the calculation method 
can be found in Appendix 1.

2.3 � Phase 2—Assessment of modules

The second phase, assessment of modules, consists of life 
cycle inventory modeling of each module variant followed 

Table 2   Overview of module functions and module variants

Module Function Variants

M1 Feed production Production and transport of feed 
ingredients, preparation of substrate

6 variants based on different  
substrate ingredients (traditional 
feed ingredients; agri-food by- 
products; waste streams)

M1.1 Gainesville fly diet 
M1.2 Compound chicken feed 
M1.3 Distiller’s grains 
M1.4 Wheat middlings 
M1.5 Fruit and vegetable waste
M1.6 Poultry manure

M2 Breeding and nursery unit Production of seed larvae for  
rearing unit, including  
maintenance of adult colony and 
initial rearing of freshly hatched 
larvae

4 variants based on energy and 
water consumption scenarios

M2.1 Baseline
M2.2 -10% energy and water
M2.3 -25% energy and water
M2.4 -50% energy and water

M3 Feeding Internal transport and distribution 
of feeding substrate to larvae

1 variant M3

M4 Climate system Provision of adequate climatic 
conditions in the rearing unit 
(temperature, humidity, and 
ventilation)

4 variants based on energy and 
water consumption scenarios

M4.1 Baseline
M4.2 -10% energy
M4.3 -25% energy
M4.4 -50% energy

M5 Direct emissions Accounting of metabolic emissions 
of the larvae rearing

1 variant M5

M6 Management of rearing unit Cleaning activities, utility  
consumption, and internal  
transport within the rearing unit

4 variants based on energy and 
water consumption scenarios

M6.1 Baseline
M6.2 -10% energy and water
M6.3 -25% energy and water
M6.4 -50% energy and water

M7 Harvest Separation of larvae from residual 
biomass and washing of larvae

1 variant M7

M8 Pre-processing Killing of insect larvae 4 variants based on different  
technologies

M8.1 Blanching
M8.2 Freezing
M8.3 High pressure processing
M8.4 Microwave sterilization

M9 Drying Drying of insect larvae to residual 
moisture content of 5%

3 variants based on different  
technologies

M9.1 Convection drying
M9.2 Freeze-drying
M9.3 Microwave drying

M10 Avoided compost production Handling of the co-product residual 
biomass via system expansion as 
avoided compost production

1 variant M10

1965The International Journal of Life Cycle Assessment (2021) 26:1959–1976
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by an environmental assessment (LCA) and cost assessment 
(LCC). Relevant inventory flows for each module variant 
were determined and quantified based on the module scopes 
(see Sect. 2.1) and various literature sources (see Supple-
mentary materials Appendices 1–7). The inventories serve 
as input data for the subsequent LCA and LCC of each mod-
ule variant.

The software SimaPro Developer version 8.5.2.0 (PRé 
Consultants, Netherlands) and the LCI databases Ecoinvent 
version 3.4 (Wernet et al. 2016) and Agri-footprint version 
4.0 (Durlinger et al. 2017) were used for the environmen-
tal impact assessment (a complete list of used datasets is 
provided in Appendix 2). Single score and midpoint indi-
cator results for each module variant were obtained using 
the impact assessment method ReCiPe 2008 Endpoint and 
Midpoint, hierarchist (H), version 1.13, with the normaliza-
tion factors for Europe and the average weighting factors 
(Europe ReCiPe H/A) (Goedkoop et al. 2009).

LCC analyses were based on prices of variable and capi-
tal goods (Appendix 3). Only internal costs were included, 
taking the perspective of the insect producer. Because the 
LCC was carried out in parallel to an LCA, environmental 
externalities were excluded to avoid double counting since 
the environmental impact is already assessed in the LCA 
(Rödger et al. 2018). Costs that were assumed to be identi-
cal between alternatives (module variants or production sce-
narios) were excluded because they are inconsequential in a 
relative assessment. Variable costs were assessed based on 
the module variant inventories (Appendix 3). Costs of capi-
tal goods were partially included where large differences in 
investment costs of equipment were expected (e.g., different 
processing technologies in modules M8 and M9). Adjust-
ments for inflation were not included, as reference year was 
assumed to be the same for all the variants. Furthermore, 

no discounting was performed as the environmental LCC 
follows the steady-state model of LCA (Rödger et al. 2018). 
Revenues (negative costs) of the by-product residual bio-
mass were included in parallel to the system expansion 
approach in the environmental assessment (M2 and M10). 
No costs were incurred for module M5 as it consisted only of 
elementary flows. A full account of module LCI and LCA/
LCC results is in Appendix 4.

2.4 � Phase 3—Assessment of production scenarios

The following approach was taken to determine the most 
eco-efficient production scenario out of all possible module 
variant combination. Note that this approach is the “manual” 
way of identifying the most eco-efficient option. Module 
results can also be used as inputs to mathematical optimiza-
tion models (Steubing et al. 2016).

First, a selection of high eco-efficiency scenarios was 
made from which the most eco-efficient scenario was to be 
identified. This was done with the reasoning that a combina-
tion of the most eco-efficient module variants leads to the 
most eco-efficient production scenario. An exception to this 
is the choice of M1 variant (type of feeding substrate) as 
this also determines the scaling factor of the scenario and 
hence influences the final result. Therefore, six scenarios 
were defined which vary in their M1 variant and respective 
scaling factors but are identical in their M2–M10 variants. 
An eco-efficiency assessment was carried out for modules 
M2–M10 to determine the most eco-efficient variants to be 
included in the studied scenarios. The LCA results (ReC-
iPe single score) and LCC results of all variants belonging 
to the same module were normalized by scaling them to 
their respective average value. For each variant, the nor-
malized cost and the normalized ReCiPe single score were 

Table 3   Feed-specific module scaling factors for the production of 1 kg crude protein from dried larvae

fm fresh matter basis, 5-DOL 5-day-old larvae, dm dry matter basis, SF1 Gainesville fly diet, SF2 compound chicken feed, SF3 distiller’s grains, 
SF4 wheat middlings, SF5 fruit and vegetable waste, SF6 poultry manure; units are relative coefficients used for the reference flows

Module Functional unit of module Feed-specific scaling factors

SF1 SF2 SF3 SF4 SF5 SF6

M1 Production of 1 kg fm feeding substrate 43 39 38 53 90 124
M2 Production of 1 unit of seed larvae (1000 5-DOL) 47 33 54 48 86 92
M3 Feeding of 1 kg fm substrate to larvae 43 39 38 53 90 124
M4 Running of climate system for 1 day allocatable to 1 kg fm insect output (1 kg*d) 109 100 92 112 232 149
M5 Direct emissions allocatable to 1 kg dm insect output 2 2 2 3 3 3
M6 Management activities allocatable to 1 kg fm insect output 6 6 6 8 10 12
M7 Harvesting activities allocatable to 1 kg fm insect output 6 6 6 8 10 12
M8 Killing of 1 kg fm insects 6 6 6 8 10 12
M9 Removal of 1 kg water from insect larvae 4 4 4 5 7 9
M10 Substitution of 1 kg fm compost with 1 kg fm residual biomass output 10 13 11 15 17 38
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then multiplied to yield the eco-efficiency factor. This factor 
indicates the relative eco-efficiency of the module variants, 
with the lowest value representing the highest eco-efficiency 
(Saling et al. 2002). Table 4 shows the six feed-based sce-
narios (S1-S6) and the module variants of each module that 
are contained within them.

The second step is to calculate the production scenario 
results for each of the six production scenarios. This is done 
by aggregating the module variant results with the respective 
feed-specific scaling factors (e.g., module variant results of 
scenario S1 are aggregated using scaling factors SF1). The 
last step is the eco-efficiency assessment of the production 
scenario results. This is carried out analogue to the EEA on 
module level using the aggregated ReCiPe single score and 
costs results as indicators.

2.5 � Sensitivity analyses

It is known that the choice of functional unit (Smetana et al. 
2016, 2019; Green et al. 2020, 2021) and impact assessment 
method (Owsianiak et al. 2014) can affect results in LCA 
studies. The sensitivity of the approach to these methodo-
logical choices was tested as follows.

Two alternative functional units, which are commonly 
used in other LCA studies of insect production, were 
selected: 1 kg dm dried larvae (FU2) and 1 kg fresh matter 
(fm) unprocessed larvae (FU3). Additional sets of scaling 
factors were developed for these functional units to calcu-
late scenario results. This was followed by an eco-efficiency 
assessment of the scenario results as described above. 

Moreover, single score LCA results for each module variant 
were also calculated with an alternative impact assessment 
method, IMPACT2002 + . Scenario results were calculated 
from these alternative results and assessed according to the 
above method (Appendix 5).

Table 4   Main scenario variations considered in the modeling of the study

Modules Scenarios and included module variants

S1 S2 S3 S4 S5 S6

Conventional feed scenarios By-product scenarios Waste stream scenarios

M1: Production of 
feeding substrate

M1.1: Gainesville 
fly diet

M1.2: chicken feed M1.3: distiller’s 
grains

M1.4: wheat  
middlings

M1.5: fruit and 
vegetable waste

M1.6: poultry 
manure

M2: Nursery and 
breeding unit

M2.4: 50% reduction scenario

M3: Feeding M3 single variant
M4: Climate system M4.4 – 50% reduction scenario
M5: Direct emis-

sions
M5 – single variant

M6: Management 
of rearing unit

M4.4 – 50% reduction scenario

M7: Harvesting M7 – single variant
M8: Pre-processing M8.1 – Blanching
M9: Drying M9.3 – Microwave drying
M10: System 

expansion
M10 – single variant

S1
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S6
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Fig. 3   Eco-efficiency diagram of six feed-based scenarios to produce 
1 kg crude protein from dried H. illucens larvae (ReCiPe method for 
environmental impact; scenarios: S1, based on Gainesville fly diet; 
S2, based on compound chicken feed; S3, based on distiller’s grains; 
S4, based on wheat middlings; S5, based on fruit and vegetable 
waste; S6, based on poultry manure)
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3 � Results

The eco-efficiency portfolio of the six studied scenarios 
identifies S2 (scenario based on chicken feed) as the least 
eco-efficient option, while the remaining scenarios are 
clustered at a higher eco-efficiency level (Fig. 3). The 
calculated eco-efficiency factors (Table 5) indicate that 
scenario S6 is the most eco-efficient of the six scenarios, 
closely followed by S4 (wheat bran), S3 (distiller’s grains), 
and S1 (Gainesville fly diet) and S5, with S2 in last place. 
The waste stream scenarios S5 (fruit and vegetable waste) 
and S6 (poultry manure) exhibit a slightly lower environ-
mental impact but slightly higher production costs than the 
remaining scenarios of the cluster.

Considering the absolute environmental impacts, the 
waste stream scenarios S5 and S6 have the lowest ReC-
iPe single score results (1264–1439 mPt), while the cli-
mate change impact is lowest for the conventional feed 
scenario S1  (Gainesville fly diet) and the by-product 

scenario S4 (wheat middlings) (11.89–12.18 kg CO2-
eq), which also have the lowest costs (5.18–5.49 €). Sce-
nario S3 (by-product distiller’s grains) has one of the 
lowest land occupation impacts (− 0.13 m2a) along with 
the waste stream scenarios (− 1.28 − 0.23 m2a) but the 
highest water depletion impact (0.389 m3). The chicken 
feed scenario S2 has the highest impact across all other 
impact categories and the highest cost (6.70 €). Overall, 
there is less variability between the scenarios in the eco-
nomic assessment than in the environmental assessment.

The production of the feeding substrate (module M1) is 
the main contributor to the integrated environmental impact 
(ReCiPe single score) for the conventional feeds and by-
product scenarios  (S1-S4; 59–89%) (Fig. 4). For the waste 
stream scenarios, the contribution of the modules is distrib-
uted more evenly: the rearing and processing stages (M2-
M9) show a larger absolute and relative contribution here 
than in the other scenarios. Scenario S6 (poultry manure) 
has a higher credit (negative impact) from the by-product 

Table 5   Environmental impact, 
cost, and eco-efficiency results 
of six feed-based scenarios for 
the production of 1 kg crude 
protein from dried H. illucens 
larvae

Scenarios: S1, based on Gainesville fly diet; S2, based on compound chicken feed; S3, based on distiller’s 
grains; S4, based on wheat middlings; S5, based on fruit and vegetable waste; 6, based on poultry manure

Unit S1 S2 S3 S4 S5 S6

Environmental impact assessment
ReCiPe single score mPt 1736 3291 1625 1479 1439 1264
Climate change kg CO2-eq 11.89 24.19 18.00 12.18 15.09 13.97
Agricultural land occupation m2a 9.70 17.77  − 0.13 9.80 0.23  − 1.28
Water depletion m3 0.111 0.330 0.389 0.078  − 0.072  − 0.020
Economic assessment
Costs € 5.18 6.70 5.49 5.59 6.54 5.93
Eco-efficiency assessment
Eco-efficiency factor ReCiPe 0.84 2.07 0.84 0.78 0.88 0.70

Fig. 4   Module contributions to 
the integrated environmental 
impact results of six feed-based 
scenarios for the production of 
1 kg crude protein from dried H. 
illucens larvae (method ReCiPe 
single score; M1-M10, modules 
according to Table 2; scenarios: 
S1, based on Gainesville fly 
diet; S2, based on compound 
chicken feed; S3, based on 
distiller’s grains; S4, based on 
wheat middlings; S5, based on 
fruit and vegetable waste; S6, 
based on poultry manure; total, 
represents the overall score as a 
sum pf M1–M10)
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utilization (M10) than the remaining scenarios. Across all 
scenarios, two modules exhibit only insignificant contribu-
tions to the production chain single score: M5 (direct emis-
sions; ≤ 0.2%) and M7 (harvesting; ≤ 1%).

The module contribution to the production costs shows a 
similar pattern with the feeding substrate (M1) as the largest 
contributor to the overall costs, with a higher share in the tra-
ditional feed and by-product scenarios: S1-S4 (55–72%) than 
in the waste stream scenarios S5 and S6 (29–38%) (Fig. 5). 
The waste stream scenarios on the other hand again show a 
larger cost contribution from the production of seed larvae 
(M2), feeding (M3), and drying (M9). Scenario S6 (poultry 
manure) exhibits a higher revenue from the by-product uti-
lization (M10) than the remaining scenarios.

Figure 6 shows the module contributions for the scenario 
results of the three midpoint indicators climate change, agri-
cultural land occupation, and water depletion. The module 
contribution to the climate change impact shows a similar 
pattern as the contribution to the ReCiPe single score with 
higher contributions from the feeding substrate in the tradi-
tional feeds and by-product scenarios and higher contribu-
tions from the rearing and processing stages in the waste 
stream scenarios (Fig. 6A).

Scenarios S1 (Gainesville fly diet), S2 (chicken feed), 
and S4 (wheat bran) have a significantly higher agricul-
tural land occupation (ALO) than the remaining scenarios 
(Fig. 6B), arising almost entirely from the feeding substrate 
(M1). Scenario S3 (distiller’s grains) on the other hand 
shows a negative ALO result comparable with the waste 
stream scenarios. But by contrast, the water depletion impact 
of this scenario is the highest overall) (Fig. 6C).

Scenarios S1-S4 (traditional feeds and by-products) show 
similar contributions to the water depletion potential from 
the rearing and processing modules M2–M9 but varying 

contributions from module M1 (feeding substrate) (Fig. 6C). 
The main determinant of the water depletion impact in these 
scenarios is therefore the type of feeding substrate. The 
waste stream scenarios S4 and S6 have a higher contribution 
to the water depletion impact from the rearing and process-
ing modules M2–M9. However, since the impact from the 
feeding substrate for these scenarios was minimal to nega-
tive, which, in conjunction with higher credits from M10, 
led to an overall negative water depletion impact.

4 � Discussion

4.1 � Main findings

The findings show the kind of trade-offs present in insect 
production systems between the upstream impact of the 
feeding substrate and the impacts occurring during rear-
ing and processing. The production of the feeding substrate 
is a major contributor to the overall environmental impact 
(ReCiPe single score) of insect production. But choosing 
waste-type feed ingredients with no upstream impact does 
not lead to a significantly lower environmental impact of the 
final insect output. This is because waste-type feeds gen-
erally have a lower nutritional quality leading to a lower 
conversion efficiency. These effects of the feed on system 
performance were integrated into the assessment via the 
feed-specific scaling factors. A lower conversion efficiency 
influences the environmental impact results negatively in 
several ways.

To begin with, a lower feed conversion means that more 
feed is needed to achieve the desired insect output mass. 
This does not influence the direct impact of the waste-
type feed ingredient, as it is considered to enter the system 

Fig. 5   Module contributions to 
the total costs of six feed-based 
scenarios for the production of 
1 kg crude protein from dried H. 
illucens larvae (scenarios: S1, 
based on Gainesville fly diet; 
S2, based on compound chicken 
feed; S3, based on distiller’s 
grains; S4, based on wheat mid-
dlings; S5, based on fruit and 
vegetable waste; S6, based on 
poultry manure; M1-M10, mod-
ules according to Table 2; total, 
represents the overall score as a 
sum pf M1-M10)
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burden-free. However, the efforts in transporting the feed 
ingredients to the facility and in preparing and distributing 
the feeding substrate do increase per insect output when the 
conversion efficiency decreases.

Secondly, lower quality feed ingredients also lead to 
longer larval development times, causing higher energy 
consumption in the rearing stage. And lastly, the final lar-
val biomass composition is generally less favorable when 
lower quality feeds are used (higher water and lower protein 

content). This means that more fresh insect biomass is 
needed to yield the desired protein output, which causes to 
higher impacts from processing and also compounds the 
above effects (higher resource use in substrate preparation 
and insect rearing) even further.

There is one additional effect of low system efficiency 
which can counterbalance the increased environmental 
impacts to a small extent. The waste-type scenarios have 
a higher rate of residual biomass output which leads to a 

Fig. 6   Module contributions to 
environmental impacts of six 
feed-based scenarios to produce 
edible insects: A climate change 
impacts, B agricultural land 
occupation, C water deple-
tion impact (functional unit, 
production of 1 kg crude protein 
from dried larvae; method 
ReCiPe; scenarios: S1, based on 
Gainesville fly diet; S2, based 
on compound chicken feed; S3, 
based on distiller’s grains; S4, 
based on wheat middlings; S5, 
based on fruit and vegetable 
waste; S6, based on poultry 
manure; M1-M10, modules 
according to Table 2; total, 
represents the overall score as a 
sum pf M1-M10)
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larger system credit, lowering the total impact somewhat. 
This is especially evident in the scenario based on poultry 
manure (S6).

Conversely, scenarios based on feeds with larger upstream 
impacts can compensate these with lower resource use and 
impacts occurring during the rearing and processing stages. 
But there is a limit to this: the chicken feed scenario (S2) 
has such high impacts from the feed ingredients that even the 
highly efficient system cannot compensate this.

The efficiency of the different feed-based scenarios 
seems to also be reflected in the costs. Scenarios S1, S3, 
and S4 have the lowest overall costs and the highest overall 
feed conversion efficiencies (see scaling factors for M1) (S2 
also has similarly high conversion efficiency but again is an 
outlier because of the feeding substrate that cannot be com-
pensated with efficiency during rearing), whereas the waste 
stream scenarios are among the highest cost alternatives 
despite the feed ingredients entering the production system 
at no cost to the producer. To a lesser extent, this effect is 
also noticeable in the climate change impact results. This 
is likely due to the varying levels of energy consumption, 
which is an important contributor to both costs and climate 
change impact.

The findings of the individual economic and environ-
mental assessments are well summarized in the combined 
eco-efficiency analysis of the six scenarios. Most of the feed-
based scenarios are in the end similarly eco-efficient because 
there are trade-offs between the upstream impact and cost of 
a feed ingredient and its nutritional quality and influence on 
system performance. Higher upstream impacts and costs of 
the feed ingredients can be compensated by lower impacts 
and costs during the rearing and processing stages—and vice 
versa. An exception to this is the outlier scenario S2, which 
is characterized by very high upstream impacts and costs of 
the feed ingredient which cannot be compensated through 
high efficiency of the system.

To conclude the main findings, some results of the dis-
tiller’s grains scenario S3 merit discussion. Remarkably, 
this scenario has similarly low ALO results as the waste 
stream scenarios S5-S6 but ranks among the highest impact-
ing scenarios in the other impact indicators. This seems to 
be explained by the modeling method applied in the back-
ground database of Agri-footprint. Distiller’s grains are a by-
product of ethanol production from maize, and the upstream 
impact from agricultural production is completely allocated 
to the ethanol due to its much higher economic value. The 
dried distiller’s grains include only the allocated impacts 
from processing and therefore only have negligible impacts 
from ALO (van Zeist et al. 2012). Contrarily, the water 
depletion and climate change impact of the distiller’s grains 
are quite high, which is explained by the water and energy 
intensity of the bio-ethanol production process.

5 � Sensitivity analysis

To assess sensitivity, the eco-efficiency results of the pro-
duction scenarios were calculated with two alternative 
functional units: 1 kg dm dried larvae (FU2) and 1 kg fm 
unprocessed larvae (FU3). The baseline functional unit is 
1 kg crude protein from dried larvae (FU1). In comparison 
to the baseline FU, the eco-efficiency portfolios based on 
FU2 and FU3 show more distinct differences between the 
production scenarios and an increased range of results. 
Across all FU, the larvae fed on chicken feed (scenario 
S2) have the lowest eco-efficiency, but the distribution of 
the other scenario results changes with the functional unit. 
When using the baseline FU, all scenarios except scenario 
S2 are clustered in close proximity, exhibiting similar eco-
efficiencies. When using FU2, the scenarios S4 (wheat 
middlings), S5 (fruit and vegetable waste), and S6 (poul-
try manure) are separated from the remaining scenarios 
and show a higher eco-efficiency. This functional unit fac-
tors out the substrate-specific protein content of the larvae 
and only describes the dry matter insect biomass yield. 
FU3 additionally disregards the differing water contents 
of the larvae fed on different substrates and excludes the 
impacts from processing. When using this FU, the larvae 
fed on poultry manure can clearly be identified as the most 
eco-efficient option. More detailed results can be found 
in Appendix 5. This demonstrates that the functional unit 
needs to be carefully defined as this methodological choice 
can influence the conclusions about the eco-efficiency of 
insects fed on different substrates. A mass-based compari-
son (FU2 and FU3) may overestimate the advantageous-
ness of waste streams as insect feed. When the larval pro-
tein yield is used instead (FU1), the differences between 
the feed types are mitigated, and the alternatives show 
similar eco-efficiencies.

Sensitivity of the results to the environmental single score 
impact was also assessed. The eco-efficiency portfolio of the 
production scenarios changes when IMPACT is used instead 
of ReCiPe for the single score environmental impact assess-
ment. When using IMPACT, the range of results is smaller 
compared to the baseline ReCiPe, and there are two distinct 
clusters of scenarios: S4-S6 exhibit higher eco-efficiencies, 
while S1-S3 are of lower eco-efficiency (see Appendix 5). 
These differences primarily originate in module M1 (produc-
tion of feeding substrate). To investigate this, the contribu-
tions of the separate impact categories to the single scores 
were analyzed for the M1 variant results. Differences in the 
contribution patterns between the two methods were identi-
fied with ReCiPe showing higher contributions from land use 
and IMPACT showing higher contributions from terrestrial 
ecotoxicity. Similar findings about these two impact assess-
ment methods have been reported in the literature (Owsianiak 
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et al. 2014). These discrepancies between the impact assess-
ment methods demonstrate that decisions should not be made 
solely based on single score results. The weighting schemes 
behind the aggregated LCA results represent value judgments 
and environmental priorities that may not be congruent with 
the decision-maker’s. Such scores can be useful for screen-
ing the total environmental impact, but separate midpoint or 
endpoint indicator results should be consulted in parallel.

6 � Benchmarking

Overall, the results from this study are in the same range as the 
findings reported in literature (Table 6). It must be stressed, 
however, that the results from these studies are only com-
parable to a limited extent because of the differences in the 
studied systems and the applied assessment methods (inven-
tory modeling, impact assessment method, etc.). Nevertheless, 
the benchmarking is useful to generally verify the results from 
this study. A more detailed analysis of this benchmarking can 
be found in Appendix 6. The literature results found in Table 6 
were converted to the common functional unit of 1 kg protein 
where possible; else results were reported on a dry matter 
insect output basis (details on the conversion of the literature 
results can be found in Appendix 6).

7 � Limitations

Several limitations of the results must be discussed. These 
concern data quality and representativeness, the choice of 
impact indicators, and the applicability of results.

The design and implementation of this study were to a 
great extent dependent on data availability. The definition of 
feeding substrates to be studied (M1 variants) and the deter-
mination of substrate-specific scaling factors relied heavily 
on results from literature and lab-scale feeding trials. These 
trials varied widely in their methods, making the results dif-
ficult to adapt to this study (e.g., converting data on feed 
conversion efficiency to a common metric). The need for 
standardization has been recognized in the literature, and a 
framework for insect rearing trials has recently been pub-
lished (Bosch et al. 2020), which could set a basis for further 
LCA and eco-efficiency studies.

Moreover, the feeding substrates included in this assess-
ment may not be representative for industrial rearing facili-
ties, and the results therefore are only an approximation of 
the actual impacts. Insect rearing facilities generally use spe-
cialized feeds that are optimized for conversion efficiency. 
The composition of these feeds is proprietary information, 
and consequently no data has been published, and no such 
feed could be included in the assessment. However, this 
study did not aim for the close reliability of results for a spe-
cific rearing facility but for the generalized conclusions on 
the applicability of a modular eco-efficiency methodology.

There are also some inconsistencies in the data used 
for the cost assessment. The variable costs throughout the 
assessment represent the situation in Europe, adhering to the 
regional scope of the study. The capital costs in modules M8 
and M9, however, were sourced from a Chinese trade plat-
form because no Europe-specific comparable data was freely 
available. This difference in regional price levels may skew 
the ratio of variable to capital costs in these modules and 
lead to certain errors. For a more in-depth cost assessment, 

Table 6   Comparison of environmental and cost assessment results for the production of dried Hermetia illucens larvae for food and feed

Study Functional unit Climate change, kg CO2-eq Land use, m2 Water depletion, m3

Bava et al. (2019) 1 kg protein 4–11 - 2.2–2.4
Bosch et al. (2019) 1 kg protein 3–19 0–67 -
Maiolo et al. (2020) 1 kg protein 2–5 - 2.6
Smetana et al. (2016) 1 kg protein 2–25 0–12 -
Smetana et al. (2019) 1 kg protein 10 3 0.005
Current study 1 kg protein 12–24  − 1 to 18  − 0.007 to 0.39
Ites et al. (2020) 1 kg DM larvae  − 6.4 to 2  − 16.8 to − 0.006 -
Roffeis et al. (2018, 2020) 1 kg DM larvae 6 8 11.7
Current study 1 kg DM larvae 5–11 0–8  − 0.003 to 0.19

Single score Cost
Smetana et al. (2016) 1 kg protein  − 300 to 1500 mPt (ReCiPe) -
Smetana et al. (2019) 1 kg protein 3300 µPt (IMPACT2002 +) -
Current study 1 kg protein 1300–3300 mPt (ReCiPe) -

3900–10,000 µPt (IMPACT2002 +) -
Roffeis et al. (2018, 2020) 1 kg DM larvae 700 mPt (ReCiPe) 2.8 €
Current study 1 kg DM larvae 500–1500 mPt (ReCiPe) 2.1–3.1 €
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equipment prices specific to the European market should be 
determined for the processing modules.

While the focus of the impact assessment was to obtain 
single score results that could be used in the subsequent eco-
efficiency analysis, several midpoint indicator results were 
also included to provide additional insights for the analysis 
of the production scenarios. Some areas of improvement 
concerning the choice of indicators were identified. First, 
different water depletion impact category indicator should 
have been chosen to comprehensively assess the water 
footprint of the production alternatives. The selected water 
depletion indicator in ReCiPe 2008 is rudimentary in com-
parison to other methods. The water depletion impact is also 
not included in the ReCiPe single score result, which was 
assumed at the time the impact assessment was carried out. 
And second, an energy consumption indicator should have 
been included in the assessment. It was initially assumed 
that the climate change indicator could sufficiently repre-
sent the impacts from energy consumption. But especially 
in module M1, other sources of greenhouse gas emissions 
are present. A comparative analysis of the energy intensities 
of the different production scenarios is not possible with the 
current selection of indicators.

And lastly, regarding the applicability of results, the eco-
efficiency assessment carried out in this study is inherently 
of a relative nature and only useful for comparing alternative 
production scenarios that were economically and environ-
mentally assessed under a common identical methodology. 
The benchmarking has shown that the environmental assess-
ment is comprehensive enough to stand comparison to the 
results of other LCA studies of insect production. However, 
the results of the cost assessment should only be evaluated 
in conjunction with the LCA results and not be used for 
comparisons with processes outside the realm of the stud-
ied production system. Important cost contributors, such as 
labor, infrastructure, or administration, were not included 
in this assessment. To gain a thorough understanding of the 
economics of insect production, a detailed life cycle costing 
study must be carried out.

8 � Evaluation of the modular assessment 
approach

The developed modular assessment approach proved to be 
efficient in assessing and modeling a large number of pos-
sible alternative production scenarios and can be further 
adapted to incorporate additional variations of the produc-
tion system. Some new variants could be added without 
much effort, for example, additional processing technolo-
gies in the modules M8 (pre-processing) and M9 (drying). 
The only requirement is that they are modeled according to 
the functional unit of the respective module. The addition 

of new modules would require larger effort because it also 
necessitates the creation of new scaling factors. Adding fur-
ther downstream processing modules, like lipid separation, 
would have consequences on the entire assessment system. 
Such a fractionation process is multifunctional and would 
require a suitable allocation method.

The extension of the system to incorporate additional 
insect species would entail considerably more work. Some 
modules may be reusable (like the feed distribution (M3), 
harvesting (M7), and the processing modules M8 and M9), 
while others need to be adapted to the insect species. For 
example, different insect species require different feed-
ing substrates to thrive—the feed ingredients and the sub-
strate’s moisture content and particle size need to be mod-
eled according to the species’ requirements. Depending on 
the insect species, these feed requirements can also change 
between adult and larval stage, necessitating further differen-
tiation in modeling. The largest effort of incorporating new 
species lies in the definition of new scaling factors which 
requires considerable amounts of data from scientific rear-
ing trials that may not be available for many insect species.

The modular assessment approach also has certain draw-
backs. The determination of modules, variants, and scaling 
factors requires a large up-front time investment before sce-
nario analysis can take place. Also, certain module variant 
combinations can lead to redundancies or inefficiencies in 
the studied scenarios, which may lead to an overestima-
tion of the impacts. For example, the scenarios that were 
assessed in this study contain blanching as a pre-processing 
step (module M8). The previous module (M7, harvesting) 
contains a washing step, which may be redundant because 
the larvae are washed during blanching anyway. Consid-
ering the low relative impact of these specific processes, 
the overestimate in energy and water consumption is likely 
insignificant in this case. But generally, this could be solved 
by introducing restrictions for the combination of process-
ing modules. Alternatively, the processing modules could be 
aggregated into one module with module variants represent-
ing common processing routes, i.e., practical combinations 
of pre-processing and drying steps. For example, combining 
the harvesting module (M7) with M8 (pre-processing) would 
simplify the assessment system.

Finally, due to a lack of data, the aspect product quality 
could not be fully integrated into the assessment. The prod-
uct quality is characterized by the nutritional composition 
(macronutrients, amino acids, fatty acids, etc.) and by other 
quality parameters (color, lipid oxidation, protein solubility, 
etc.) of the insect output. Higher quality products will yield 
higher revenues for the producer, and this is an important 
factor that should be included in a decision-support system. 
A higher potential revenue may justify more expensive or 
more environmentally impactful processing technologies or 
feeding substrates.
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There are several options for incorporating product qual-
ity into the modular assessment tool. A product quality 
indicator could be included as a third dimension alongside 
the environmental impact and cost. Alternatively, a more 
complex metric describing product quality variations could 
be used as a more holistic functional unit. Lastly, the inclu-
sion of expected revenue into the eco-efficiency assessment 
could be another option. Such an approach could rely on 
value added instead of just production cost as the product 
value indicator. Detailed information on sale prices would 
be required for such approach. However, insect producers 
likely have this information and could modify the assess-
ment tool accordingly.

9 � Conclusions and recommendations

The inclusion of edible insects into the food system has been 
proposed as a solution to ensure food security without put-
ting additional stress on the environment. This study sought 
to explore the most eco-efficient way to produce edible 
insects to aid decision-makers in sustainably upscaling the 
sector.

The findings from this study indicate that most of the 
assessed H. illucens production systems are similarly eco-
efficient despite being based on different feeds of varying 
nutritional qualities, prices, and upstream environmental 
impacts. There are trade-offs between the impact of the feed 
and the impact of the rearing and processing system. There-
fore, from a joined economic and environmental perspec-
tive, the choice of feeding substrate might not be crucial. 
Only highly processed compound feeds, such as chicken 
feed, should be avoided. Consequently, (prospective) insect 
producers should focus on which materials they can source 
locally, in decent quantities, and relatively constant qualities 
to reduce impacts from transportation and reformulation of 
feeds. Attention should also be given to energy and water 
efficiency measures, especially when feeding substrates 
with lower conversion efficiencies are used. The most eco-
efficient processing pathway was identified as blanching fol-
lowed by microwave drying. However, the insect producer’s 
choice of processing technology will likely depend to a large 
extent on the desired product output. Higher quality products 
may justify more expensive technologies, and the most eco-
efficient processing option will have to be determined on a 
case-by-case basis.

Existing environmental assessments of insect production 
varied widely in scope and methodological choices. The 
necessity for a common framework has already been identi-
fied in the literature (Smetana et al. 2021). The systematic 
approach presented in this study may offer some insight for 
the formulation of such a framework. Further research about 
the economics of insect production is needed. Ideally, the 

aspect product quality (i.e., nutritional properties of the out-
put) should also be included in future assessments.

It is envisioned that within the next few years, insect 
products can supply a considerable amount of the European 
protein demand for food and feed. A method of determining 
eco-efficiency based on cost-analysis and modular life cycle 
assessment tested in the study demonstrated to be a viable 
approach after further adaptations to eliminate the poten-
tial double counting and redundant module combinations. 
Insights from this study may support prospective insect pro-
ducers, legislators, and other relevant actors in their efforts 
to ensure a sustainable upscaling of the sector.
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