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Abstract
Biomass waste and waste-derived feedstocks are important resources for the development of sustainable value-added prod-
ucts. However, the provision and preparation of biomass as well as all possible downstream processing steps need to be 
thoroughly analyzed to gain environmentally sound and economically viable products. Additionally, its impacts are substan-
tially determined by decisions made at early development stages. Therefore, sustainability assessment methods can support 
to improve the production process, reduce waste, and costs and help decision-making, at the industrial as well as policy 
levels. Life Cycle Assessment (LCA) is an analysis technique to assess environmental impacts associated with all product's 
life cycle stages. It is a well-established tool to drive development towards a sustainable direction, however, its application 
in the earlier research phase is surrounded by practical challenges. The overall objective of this paper is to provide an under-
standing of the environmental issues involved in the early stages of product and process development and the opportunities 
for life cycle assessment techniques to address these issues. Thus, herein two LCA case studies are presented, dealing with 
novel approaches for food and feed supply through implementing the valorization and upcycling of waste and side-streams, 
respectively. In both case studies, LCA is used as a decision support tool for R&D activities to launch environmentally sound 
products to market, as well as to highlight the usefulness of LCA for identifying environmental issues at an earlier stage of 
development, regardless of product, process, or service.

Keywords Sustainability · Food · Feed production · Circular economy · Life cycle assessment · R&D · Challenges · Ex-ante 
LCA · Simplified LCA

1 Introduction

Global food production is the largest human-caused pres-
sure on earth, threatening local ecosystems and the stabil-
ity of the overall system (Willett et al. 2019). This is dem-
onstrated impressively in the planetary boundaries model 
(Rockström et al. 2009). Planetary boundaries were defined 
as the boundaries within which it was expected that human-
ity can operate safely avoiding human-induced environmen-
tal change on a global level. Agricultural and food sectors 
are globally responsible for the exceedance of approx. 50% 
of all boundary categories considered. Agricultural activi-
ties, as well as food production, lead to excessive nutrient 
inputs to terrestrial and aquatic ecosystems implying that 
the nitrogen and phosphorus cycles are of the greatest 
importance, followed by excessive land use change and bio-
diversity loss (Meier 2017). Therefore, providing a grow-
ing global population with healthy diets from sustainable 
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food systems is an immediate challenge. Alternative protein 
sources and more resource-efficient production are urgently 
needed to respond to the increasing protein demand for the 
growing world`s population. This requires innovative, holis-
tic approaches along the entire value chain as well as tools 
to evaluate and support progress within research, develop-
ment, and production. Environmental sustainability of prod-
ucts/services is typically examined by using a Life Cycle 
Assessment (LCA). For conducting an LCA, the principles 
and framework are given in ISO 14040:2006, which had an 
amendment in 2020 as ISO 14040:2006/AMD 1:2020, and 
requirements and guidelines are given in ISO 14044:2006 
(ISO 14044 2006; ISO 14040 2006).

According to the DIN standards, the procedure of a life 
cycle assessment comprises four phases. At the begin-
ning, the objective and scope are defined. The scope of 
the study, including the system boundary and the level of 
detail, depends on the subject of the study and the intended 
application of the study. The functional unit and the spatial 
and temporal limits of the system are therefore determined. 
According to DIN EN ISO 14040, the functional unit is 
defined as the quantified benefit of a product system which 
is used as a comparison unit/reference basis. The second step 
is the preparation of a Life Cycle Inventory (LCI) quantify-
ing the input and output flows (energy and mass flows) over 
the entire life cycle, followed by an impact assessment (Life 
Cycle Impact Assessment, LCIA) quantifying the potential 
effects of these material and energy flows on the environ-
ment in the impact categories defined at the beginning. A 
selection of impact categories, impact indicators and charac-
terization models as well as the allocation of the LCI results 
to the selected impact categories (classification) and calcu-
lation of the impact indicator values has to be performed. 
Finally, the evaluation stage takes place, in which the results 
obtained are interpreted, conclusions and decisions are made 
or recommendations for further action are derived. The 
conduct of an LCA usually is an iterative process. While 
working on one of the stages, it is often useful and desir-
able to go back to earlier parts and change the settings. It 
is possible, for example, that the impact assessment may 
reveal a need for refining or changing of LCI data in order 
to gradually increase the degree of detail and accuracy. The 
iterative approach within and between phases contributes to 
the holistic and consistent nature of the study and the results 
presented in the report.

The methodology of LCA offers a well-established and 
standardized approach to dealing with the quantification of 
impacts through the entire life cycle of a product/service in 
various industrial domains, not just in the food and feed sec-
tor. For instance, Smetana et al. 2019, de Boer et al. 2014, 
and Goyal et al. 2021 focused on the implementation of LCA 
for quantifying the ecological impacts of food and feed prod-
ucts, Ott et al. 2014 used LCA methodology to evaluate the 

environmental performance of pharmaceutical production 
process. Other examples when researchers highlighted the 
use of LCA for designing a sustainable product and process 
are Kralisch et al. 2018, Nielsen and Wenzel 2002 (used 
washing machine as a case study), Kralisch and Ott 2017 
(for the chemical process). Therefore, the use of LCA is not 
only supported through various policies and legislation, such 
as the Waste Electrical and Electronic Equipment (WEEE) 
Directive (EC 2006), End of Life Vehicle Directive (EC 
2003), and the Renewable Energy Directive (EC 2009) but 
also, has nowadays become a prerequisite for the implemen-
tation of research projects on European and international 
level. The European Commission proposed Product Envi-
ronmental Footprint (PEF) and Organisation Environmental 
Footprint (OEF) to quantify the environmental performance 
of a product or organisation. The European Commission pro-
posed this under Single Market for Green Products Initiative. 
Such proposals or methods (PEF or OEF) are also based on 
the standardized LCA methodology.

(Tischner et al. 2000; Jeswiet and Hauschild 2005)For-
tunately,, including LCA in the early design phases of prod-
uct/process development has been on the research agenda 
for several years now. Accompanying R&D projects from 
the very beginning by means of sustainability assessment is 
because an incredible potential for environmental improve-
ment exists, especially within the configuration phase of any 
process or product where it is assessed that about 70–80% of 
its final costs and environmental impacts are incurred at the 
initial phase of development (Tischner et al. 2000; Jeswiet 
and Hauschild 2005).

While various methodological and practical challenges 
are emerging from using LCA at the early stage of develop-
ment, and are extensively discussed among the LCA com-
munity, there is an overall consensus on its suitability as 
a successful tool for evaluating ecological performance, 
resulting in a broad utilization of LCA as a decision-mak-
ing tool in selecting processes, designing, and development. 
While van der Giesen et al. 2020, Arvidsson et al. 2018, 
Hetherington et al. 2013, and Kunnari et al. 2009 discussed 
the challenges of implementing LCA in an early phase of 
development, Cucurachi et al. 2018 highlighted the benefits 
of it. Nielsen and Wenzel 2002 and van der Giesen et al. 
2020 also gave recommendations on how to overcome dif-
ferent challenges of using LCA during the initial stages of 
product development. Koller et al. 2000 presented a new 
method to identify, analyze, and manage potential safety, 
health and environmental (SHE) hazards in the development 
of chemical processes where the availability of data is a con-
siderable challenge. (van der Giesen et al. 2020; Cucurachi 
et al. 2018; Arvidsson et al. 2018; Hetherington et al. 2013; 
Finnveden et al. 2009; Binaghi et al. 2005; Roy et al. 2009; 
Ekvall and Weidema 2004; Kunnari et al. 2009; Nielsen and 
Wenzel 2002; Tufvesson et al. 2012; Koller et al. 2000).
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Figure 1 demonstrates the interactions between freedom 
of development, knowledge, environmental impacts, and 
economic costs within a development process also referred 
to as the Collingridge dilemma (Collingridge 1982) or 
dilemma of opportunity. Given the major impact early stages 
have on outcomes, sustainability impacts must be considered 
and assessed as early as possible in the technology devel-
opment process, using flexible, meaningful, and reliable 
evaluation and decision-making tools, to avoid environmen-
tal and economic harmful end-of-pipe technologies, as the 
possibility to alter the technology is reduced or even locked 
at later stages. Despite its potential, the use of holistic life 
cycle assessment approaches is often not feasible at the early 
stages due to the limited availability of data, the uncertainty 
of process information and a high degree of freedom, as well 
as challenges related to the demand for completeness and 
complexity according to the ISO standards.

Therefore, simplified evaluation approaches are needed. 
With the help of existing data, e.g., key performance indi-
cators and simple metrics can be determined to identify 
development opportunities and risks or to evaluate processes 
and compare alternatives (hot-spot-screening). In doing so, 
the orientation towards a holistic assessment is required, 
because solutions to problems that are optimized by consid-
ering upstream and downstream processes are more sustain-
able due to avoidance of problem shifting to other life cycle 
stages. In this context, LCA can serve as a screening method, 
as illustrated in the concepts of simplified/streamlined LCA 
(Beaufort-Langeveld and Christiansen 1997; Todd et al. 
1999) as well as ex-ante LCA (Christiansen 1997; Fleischer 
and Schmidt 1997; Kralisch et al. 2013a, b; Kralisch et al. 
2015; Cucurachi et al. 2018; Buyle et al. 2019).

As described in Klöpffer 2014, simplified LCA is an 
application of the LCA methodology for a comprehensive 
screening, reducing the complexity of an LCA by exclu-
sion of certain life cycle stages, system inputs or outputs or 
impact categories, or use of generic data modules for the 

system under study, by simultaneously assessing reliability 
of the overall result. Streamlined LCA approaches works 
similar, however their focus is to make a full LCA more 
manageable by e.g., omitting elements or limiting the scope 
without significantly affecting the accuracy of the results. 
Ex-ante LCA is defined as the environmental assessment of 
a new technology before its commercial application, dealing 
with several uncertainties, e.g., concerning applications and 
data (Tsoy et al. 2020). (Kralisch et al. 2013a, b; Kralisch 
et al. 2012; 2018)In accordance with the iterative nature 
of LCA itself, see Fig. 2, screening, ex-ante or simplified 
LCA can be seen as an important starting step on the way 
to a holistic LCA based on accurate, precise and compete 
data. Applying such approaches, evaluation and decision-
making progress concerning environmental impacts could be 
supported, allowing also coupling with further assessment 
methods to realize successful multi-criteria decision making 
(Kralisch et al. 2013a, b; Kralisch et al. 2012; 2018).

2  Challenges during the application of LCA 
Approaches in early R&D stages

Although different, the experience acquired through imple-
menting LCA to analyze ecological impacts as a part of 
research and development show that challenges and hurdles 
are not dependent on technology but are common to the 
early phase LCA studies, though varying according to the 
targeted domain. Comparable challenges were reported by 
many researchers within their research domains (Tufvesson 
et al. 2012; Kunnari et al. 2009).

For LCAs on emerging innovations, industrial-scale data 
is unavailable, while an abundance of data is required, which 
may be difficult to collect at the beginning phase of process 
design. The assignment of data inventory is intensive for 
lab-scale processes, with issues, for example, for the use of 
new and novel raw materials, and significant differences are 

Fig. 1  Interaction of Degrees of Freedom, Optimization Potential, 
Costs, and Environmental Impacts, Data Robustness and Knowledge 
during Product and Process Development, in analogy to (Heinzle and 
Biwer 2001)

Fig. 2  Illustration of the iterative LCA workflow, in accordance with 
the ILCD handbook
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there between lab-scale and industrial-scale processes. Such 
differences are well reflected in the environmental perfor-
mance of the lab- and an industrial-scale process (Walser 
et al. 2011; Villares et al. 2016).

Different topics that can be examined within the "begin-
ning phase" LCA are the investigation of alternative path-
ways for the future, with a focus on diverse feedstocks, fuel 
composition, and co-products. Although a lot of secondary 
information from many publicly available databases exists, 
e.g., the ELCD database (European Commission 2018), 
the use of less prevalent raw materials increased with the 
emerging technologies, creating a gap in available data-
bases (Jiménez-González, Kim, and Overcash 2000). This 
forces the LCA practitioners to use proxy data of the simi-
lar process available in the database or invest a lot of time 
in modeling the raw materials. Additionally, lab- or even 
pilot-scale production processes are commonly more energy 
and resource-intensive, so the projected LCA impacts could 
be over-estimated when yield and efficiency are increased 
at the industrial scale of production (Villares et al. 2017; 
Gutowski, Liow, and Sekulic 2010; Khanna and Bakshi 
2009). In general, uncertainty is associated with all such 
studies as also stated by Heinzle et al. (Heinzle et al. 1998): 
“in the design process we can never be sure whether we 
know all important data and interactions”. If the level of 
uncertainty is high during an LCA, the robustness of the 
results will be weak, and no sound conclusion could be 
derived based on the findings.

While data collection is a crucial step in conducting 
LCA, the quality of data has its own importance. How-
ever, creating a data inventory for the modelling is one of 
the challenges addressed by many researchers. In the early 
phases of product development, data unavailability is often 
experienced. Amicarelli et al. 2021a, b and García-Guaita 
et al. 2018 emphasized on the challenge of data availabil-
ity while integrating Material Flow Analysis (MFA) and 
LCA in the context of quantifying food waste (in Italian 
beef supply chain) and environmental profile of a city (in 
Spain), respectively. Jeswani et al. 2010 suggested that chal-
lenges like system boundary and allocation rules needs to be 
addressed while integrating MFA and LCA. It is the respon-
sibility of the LCA analyst to ensure that the data collected 
from different stakeholders is reliable. Thus, the early-stage 
LCA performers must be very sensitive to the uncertainty 
which comes with the limited amount of data availability 
and ensure that the results are aligned with the LCA goal 
and scope of the study. All data conveyed should comply 
with the requirements of every partner, while sensitivities of 
the study should be disclosed to the beneficiaries to under-
stand the nature of the results. Most of agri-food produc-
tion systems include multifunctional processes and multiple 
outputs, e.g., (side) products or waste streams which can 
be valorised into value-added products, requiring allocation 

approaches, which is known as a common challenge and 
problem, see also Ijassi et al. 2021, especially in early-stage 
assessments. If allocation can`t be avoided, one of the most 
used allocation methods in the agri-food literature is the eco-
nomic allocation, followed by physical allocation (mass or 
energy). Sensitivity analyses could be performed to analyse 
the impact of the chosen allocation method and thus robust-
ness of results, depending on the scope and framework of the 
study considering a multi-stakeholder perspective.

To ensure comparability with other studies, the infor-
mation provided to the different stakeholders must be very 
precise with detailed information on the complexities of the 
undertaken modeling. A clear goal and scope of the study 
must be defined, with care taken to ensure a consistent sys-
tem boundary and functional unit of other studies used for 
comparison. When needed, assumptions should be acknowl-
edged and the use of multiple functional units to enhance the 
comparability of the results could be considered. Amicarelli 
et al. 2021a, b also discussed such opportunities to enhance 
the replicability and comparability of LCA results in the 
context of food waste research.

3  From theory to practice: case studies

To highlight the importance of integrating LCA in the early 
phases of research and development of a product or process, 
first-hand experiences from two different case studies in the 
food and feed sector will be described. Each of the case 
studies discussed in this paper is at the pilot scale, or begin-
ning phases of industrial pilot plans, by which LCA is key 
to ensuring reduced ecological effects. The case studies are 
(a) life cycle assessment of fish feed derived from plants and 
insects and (b) life cycle assessment of plant -based protein 
products for the food value chain. An introduction from LCA 
perspective is given in Table 1. More information, especially 
related to the LCA stage “Interpretation”, can be found in 
the sections below.

Data were mainly gathered from primary sources, i.e., 
farmers, research institutes, food/feed processors and food/
feed factories, acting as project partners in both R&D case 
studies. Where primary data were absent, these were sub-
stituted by secondary data, i.e., Ecoinvent or literature (sci-
entific paper, patents, industry data). Other types of data 
substitutes could be simulation/ thermodynamic modelling 
or stoichiometric calculations, see also Beemsterboer et al. 
(2020). The data sources were documented accordingly in 
each case to ensure transparency and comparability, but 
some of them are not yet publicly accessible due to IPR.

Both case studies consider the use of waste streams, 
which are produced as well as partially consumed within 
the system boundary. Allocating the environmental impacts 
were avoided at this stage. This is due to the fact, that most 
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of the waste streams used or produced have no economic 
value so far, i.e., are defined as “waste”. Secondly, by allo-
cating the whole ecological backpack to the desired product, 
a conservative or even “worst case” scenario is considered.

3.1  Case study 1: life cycle assessment of fish feed 
derived from plants and insect

The global demand for fish and meat is still growing (Chem-
nitz and Becheva 2021; FAO 2020). The importance of the 
impacts of agricultural practices on water and land use, 
climate change, and environmental degradation, such as 
eutrophication, and terrestrial and marine acidification, is 
well acknowledged and has been exhibited by many studies. 
In this context, within the last years, insects are repeatedly 
discussed as a future-oriented, sustainable source of protein 
for the food industry, as the ecological, economic, physi-
ological, and ethical advantages outweigh those of meat. 
In aquacultural systems, insects are also gaining interest as 
feed to provide a sustainable alternative to the fishmeal para-
dox (Alfiko et al. 2021; Silva et al. 2009), whose production 
leads to high consumption of resources and negative envi-
ronmental impacts. Reducing the proportion of fish protein 
in favor of insect proteins in combination with vegetable 
feed components has the potential to reduce environmental 
burdens (Zanten et al. 2014). Within the scope of the project 
discussed here, the fish feed was produced from Hermetia 
illucens larvae and Lemna minor in an inline recirculating 
aquaponics model for urban sites, optimized, and scaled up, 
which couples waste and environmental service concepts in 

one production system efficiently. Lemna minor is also used 
for other purposes, such as wastewater treatment (O’Neill 
et al. 2020), but we intended to use it as an active ingredient 
for a circular-based production system. At the same time, 
the value chain produces high-quality, market-accessible raw 
materials for the food and feed industry. All research activi-
ties were accompanied by LCA as well as cost analyses to 
measure and compare ecological and economic effects to 
finally result in sustainable alternatives (Goyal et al. 2021).

The analysis of aquafeed was carried out cradle-to-gate, 
i.e., from the cradle (exploration of the raw materials) to the 
production of the individual components for the manufacture 
and use of the compound feed. Here, the pellets produced 
are referred to as LH pellets, which were found to have a 
similar protein and fat content as conventional tilapia feed. 
The system boundary considered in this study is shown in 
Fig. 3. The energy utilized in this study was derived from a 
biogas plant that was installed near the container where the 
species were rearing. This filled in as a benefit according to 
the environmental impacts’ perspective.

Data were collected mainly from the process engineers 
using designated surveys with questions regarding inputs 
(raw material, energy, equipment) and the outputs (products 
and by-products), while additional data were also consid-
ered from the composition datasheet (e.g., for disinfectants, 
fertilizer). For primary data, which was unavailable, infor-
mation based on literature was used as a proxy. Life cycle 
inventory data were, if not available, substituted or modeled 
(retrosynthetic break-down (Ott et al. 2016)), if possible. To 
cope with uncertainties, we finally also included a sensitivity 

Table 1  Brief introduction of both case studies from an LCA perspective

Phases of an LCA Case study 1 Case study 2

Goal and Scope Cradle-to-gate assessment of the ecological profile of 
insect and duckweed meal production and upscaling, 
incl. transports

No allocation, no cut-offs
Functional unit: 1 kg of dry raw meal ready for pellet 

processing

Comparative hot-spot screening of lentil, soy, and 
dairy protein isolates to identify the ecological (and 
economic) potential and challenges prior to product 
development

Functional unit: 1 kg of protein isolate
Assumptions: processing and application of protein 

isolates is comparable
Life Cycle Inventory Primary production data (e.g., energy and material 

flows, equipment, direct emissions)
Secondary LCI data (e.g., life cycle inventory of mate-

rial and energy supply)

Secondary LCI data (former project results, literature, 
ecoinvent)

Life Cycle Impact Assessment Screening categories: Climate change, water footprint, 
land use, and primary energy demand

Equal weighting of LCIA categories

Climate change, extended by farm gate price

Interpretation Equipment, infrastructure, and transports have less 
impact, could be neglected for screening purposes

Sensitivity analyses needed to cope with uncertainties
Recommendations from an LCA perspective were 

iteratively applied during scale-up, allowing for com-
parative assessment to conventional fish feed pellets

“Ancient crops” (lentils) reveals high ecological ben-
efits, however higher costs

Highest impact is due to farming activities, thus 
R&D activities need to focus on optimization of the 
agricultural phase and utilization of waste streams 
(use as fertilizer, substrate for fungi production etc.), 
i.e., reducing ecological and economic burdens by 
future allocation
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analysis, concentrating on the calculation of upper and lower 
limits, the “worst cases”.

The modeling of the material and energy flows was car-
ried out with the help of GaBi (developed by Sphera Solu-
tions GmbH, Germany). By using the integrated Ecoinvent 
(version 3.5) database (Wernet et al. 2016), correspond-
ing inventory data concerning the supply of raw materials, 
energy, or transport processes were integrated. The emis-
sion factors of all materials, energy sources, and transport 
processes are based on the Ecoinvent database. The impact 
assessment was carried out according to ReCiPe 2016 v1.1, 
utilizing midpoint indicators at the hierarchical level (Hui-
jbregts et al. 2016). The time horizon of the impact assess-
ment was 100 years. The ISO standards defined a functional 
unit (FU) as a quantified performance of a product system 
to be used as the reference unit in an LCA study. The use of 
mass-based FU was considered by Iribarren et al. 2012 for 
analysing the environmental footprint of marine aquafeed 
and also by Rustad 2016 to analyse insect meal which had 
the potential to replace fish meal. Hence, 1 kg LH pellets was 
considered as the FU for the LCA of fish feed production.

Figures 4 and 5 show the reduction potential of green-
house gas (GHG) emissions for the supply of individual 
ingredients, i.e., energy and resources, for raw material 
production. Greenhouse Gas Potential, also referred to 
as Climate Change or Carbon Footprint, was chosen as 
it is the most prominent key objective for political and 
business-related decisions and can be seen as an impor-
tant screening indicator of the environmental impact of 
products and processes. Additionally, as climate change is 
not reflecting the wholistic environmental profile of prod-
ucts and processes, we generally recommend selecting 
further impact categories for screening purposes as well, 
depending on the scope of the study. To give an example, 
in the context of the production of alternative feed, land 
use, primary energy demand, and water footprint could 
be of particular importance. The results to other impact 
categories can be found in (Goyal et al. 2021). Results are 
shown relatively, i.e., normalized to the worst-case value, 

which represents the starting point of the investigation. 
This prevents premature comparisons with other studies 
and conclusions, which can be the subject of later, more 
detailed analysis.

Fig. 3  Production scheme of 
case study 1. (See also (Goyal 
et al. 2021))

Fig. 4  Climate change potential during process optimization for Her-
metia illucens breeding. Effects are normalized to the worst-case, i.e., 
starting point

Fig. 5  Climate change potential during process optimization for 
Lemna minor breeding. Effects are normalized to the worst-case, i.e., 
starting point
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Figure 4 shows the development process of insect breed-
ing. Firstly, insects were fed with cereal bran (Stage 1 in 
Fig. 4), affecting the ecological impact by more than 50%, 
and initiating to use of organic waste as feedstock (Stage 2 
in Fig. 4), according to (EU) 2017/893) (European Commis-
sion 2017). Consequently, another driver could be identi-
fied, namely the energy consumption for maintaining the 
temperature inside the breeding container. The heat used is 
taken from a biogas plant which is installed in the vicinity 
of the container where insects are rearing. This is a clear 
advantage from the perspective of environmental impacts 
compared to the heat generated by non-renewable sources of 
energy Additionally, if the energy arising in the biogas plant 
would be considered as “waste energy” (as of now no dedi-
cated purpose of it was foreseen at the manufacturing site), 
the environmental burden could be further reduced (Stage 3 
in Fig. 4), revealing new ecological drivers such as cleaning 
agents, sawdust used for breeding, and electricity from the 
biogas plant. Hence, although optimization of 75% could be 
achieved, there is still potential for even further optimiza-
tion, which will be considered during the upscaling stage.

Figure 5 shows the results for Leman minor process opti-
mization through ecological screening. As for the rearing, 
a lot of technical equipment is needed, and these compo-
nents (e.g., pipes, filters, trays, pumps, lamps, dehumidi-
fiers) were listed as precisely as possible according to the 
material/equipment list given by the company which was 
establishing the rearing container. An initial evaluation 
based on the yield of Lemna minor culture obtained without 
optimization (Stage 1 in Fig. 5), however, showed inaccept-
able high ecological drawbacks not justifying the Lemna 
minor cultivation. Based on this, key performance criteria 
and recommendations were defined to approach at least 
ecological comparability to standard fish feed components. 
In the beginning, these key metrics could only be obtained 
by using artificial fertilizer instead of the use of feces from 
Hermetia illucens cultivation. As a consequence, and due to 
its significant ecological impact, the contribution analysis 
shows its greater impact. Its optimization, either by reduc-
ing its consumption (first trials were made empirically), 
recirculating the nutrient-rich water, or optimizing the feces 
composition, is an urgent subject of future investigation to 
reduce the overall environmental burdens of Lemna minor 
rearing. Secondly, electricity consumption was identified 
to be a main ecological driver, mainly attributable to air-
conditioning, water pump circuits, and lighting. Also, in this 
case, the coupling to renewable resources, in this case, taken 
from the biogas plant (Stage 2 in Fig. 5), could result in a 
drastic change in the relative contribution of environmental 
impacts by a factor of 2.

Several recommendations and strategies could be derived 
for the production of sustainable and innovative raw materi-
als for fish feed supply. Cultivation of Hermetia illucens and 

Lemna minor demand feed and energy, the main ecological 
drivers. The use of secondary raw materials can decrease the 
environmental burden by up to 75%. It is therefore important 
to perform LCA at the early development phase of a product 
or service to provide the stakeholders involved in the scale-
up process with information regarding the influence of single 
parameters as well as the importance of using renewable 
energy and secondary raw materials for industrial produc-
tion. Also, the impacts of the raw materials are enlightened 
by the successful implementation of LCA from the very 
beginning of the project.

The results concluded that fish feed made from Lemna 
minor and Hermetia illucens is potentially more sustainable 
than standard feed. The results were not comparable with lit-
erature because of the scale of the study but plant-based feed 
is more environmentally friendly than conventional feeds 
having high amount of fish remains or wild fish (Samuel-
Fitwi et al. 2013; Smarason et al. 2017).

3.2  Case study 2: life cycle assessment of plant 
and fungal‑based protein products 
for the sustainable food value chain

Animal-derived protein contributes significantly to the pro-
duction of greenhouse gases, intensifies pressure on land 
use, and can have negative health consequences (Godfray 
et al. 2018; Song et al. 2016). In 2016, European Union used 
39% of the total land area for agricultural production (Euro-
stat 2021) while the majority of agricultural land is used 
to produce livestock, either for feed production or grazing, 
with increasing competitive pressure from feedstock demand 
for non-food applications such as biofuels. The increasing 
demand for food proteins can be met by the utilization of 
proteins from alternative and new sources which includes 
under-explored legumes, protein crops, and fungi as well as 
side streams from food processing. In general, plant-based 
diets or meat substitutes often result in lower impacts on 
the environment than those with meat, see, e.g., (de Boer 
et al. 2014; Pimentel and Pimentel 2003; Westhoek et al. 
2014). So far, existing LCA studies of food indicate the 
importance of side stream utilization on the overall sustain-
ability (Nijdam et al. 2012; Scherhaufer et al. 2020; Souza 
Filho et al. 2019), but they also focus on the development 
of environmentally sustainable handling of different food 
side-flows in the future, as the processing and utilization 
of waste-stream do not automatically result in ecological 
benefits (Scherhaufer et al. 2020). Additionally, follow-
ing the growing transition from animal-derived protein to 
plant-based protein, it is important to explore different plant-
sourced proteins (e.g., lentil, soy, pea) and compare them in 
terms of their ecological, as well as their economic sustain-
ability. As the price of food products is considered one of 
the key factors influencing consumers’ purchase behavior of 



 Environment Systems and Decisions

1 3

environmentally sustainable foods (Vermeir et al. 2020), it is 
imperative to have a reasonable price for new products (Katt 
and Meixner 2020). Consequently, insights into the produc-
tion costs of new products and the competing products are 
also needed (Rivera and Azapagic 2016).

The EU-funded Horizon 2020 project, Smart protein, 
aims to develop protein products from plants, including 
fava beans, lentils, chickpeas, and quinoa—with a focus on 
improving their structure, taste, and flavor, but also strongly 
focuses on sustainable agricultural processes, the utilization 
of by-products and residues as well as ingredients that are 
usually used for animal feed (Smart Protein 2020). In addi-
tion to plant-based proteins, microbial biomass proteins are 
created from edible fungi by upcycling side streams from 
pasta (pasta residues), bread (bread crusts), and beer produc-
tion (spent yeast and malting rootlets). By using LCA, but 
also economic (life cycle costing) and stakeholder analy-
ses, Smart Protein will be able to benchmark the findings 
against conventional protein food and agriculture approaches 
to evaluate its potential degree of competitiveness, sustain-
ability, and resilience, and thus pave the way for enhanced 
protein production from plant and plant-based products and 
encourage their uptake, in Europe.

The determination of the ecological, but also the eco-
nomic impact of plant protein products requires the imple-
mentation of upstream processes as well. Within Smart Pro-
tein new and organic agricultural practices and processing 
techniques will be developed (for which no or hardly any life 
cycle inventory data is yet available). Therefore, the collec-
tion of existing data was started to get a first insight into the 
sustainability of crops. In particular, lentils are of greater 
interest because lentil protein isolates have comparable pro-
tein content compared to dairy and soy-based milk products. 
It also possesses good sensory and techno-functional proper-
ties (Jeske et al. 2019). All these characteristics motivated 
the further investigation of the suitability of lentil protein 
isolate as a base material for a novel alternative to dairy or 
soy products.

A simplified LCA approach has been used to produce 
initial results. The goal was to explore the environmental 
benefits of using an alternative plant-based product. The 
considered data came from different literature sources as 
mentioned within because of its limited availability follow-
ing a streamlined LCA approach. The advantage of such 
screening is that it highlights hotspots of environmental 
concerns which could be used for product development/
commercialization (Todd et al. 1999). Berardy et al. deter-
mined the climate change potential of soy protein isolate 
at 20.2 kg  CO2 equivalents per kg of soy protein isolate 
(Berardy et al. 2015). Similarly, the climate change potential 
for soybeans and soymeal is about 0.6 kg  CO2 equivalents 
(per kg of soybeans) and 0.7 kg  CO2 equivalents (per kg of 
soymeal), respectively (Dalgaard et al. 2007). Braun et al. 

compared the ecological impact to other protein sources 
such as concentrated whey protein with 16 kg  CO2 equiva-
lents per kg protein and skimmed milk powder with 23 kg 
 CO2 equivalents per kg protein (Braun et al. 2016). In con-
trast, the climate change potential for lentil protein isolate 
ranges between 3.5 and 4.2 kg  CO2 equivalents per kg iso-
late (Alonso-Miravalles et al. 2019). Looking at the costs, 
in general, it can be concluded that plant-based proteins 
could be a low-cost alternative to animal-based proteins in 
the food industry. The cost of cow milk protein is found 
to be higher than those of plant-based protein, such as soy 
(Li et al. 2019). Also, at the market price level, soy-based 
cheese is cheaper than milk-based cheese (Jeewanthi and 
Paik 2018). Lentils might also be another potentially valu-
able alternative for animal-based products. According tore-
search (Chaudhary and Tremorin 2020), for example, the 
partial substitution of beef with Canadian lentils in a burger 
leads to a decrease in market price. The level of price reduc-
tion, however, depends on many factors such as geographic 
location, farming practice, and processing method (Khazaei 
et al. 2019).

Figure 6 presents the first comparable screening of envi-
ronmental impacts and farm gate prices of lentils compared 
to soy and cow-milk-based protein supply. The ecological 
impact of lentil-based proteins, related to Climate Change 
potential, is promising compared to soy and milk-based pro-
teins. This is not only relevant to climate change, but also to 
other LCA impact categories (LCIA) as well, as shown by 
Alonso-Miravalles et al. (2019). Their LCA study showed 
that the principal driver for the ecological impact of lentil 

Fig. 6  Relative comparison of environmental effects for lentil, soy, 
and dairy-based protein isolates and farm gate prices for European 
lentils, soybeans, and cow milk (FAO 2021). Normalized to the 
worst-case results per impact category
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protein isolates is the cultivation of the lentils, thus having 
ecological burdens, especially in the LCIA categories of 
Land Use and Aquatic Eutrophication. This first screening 
encourages to start the development of a lentil-based yogurt 
alternative, which could pose a viable way towards increas-
ing human lentil consumption in Western countries, pro-
duced sustainably, regionally, or even locally (Boeck et al. 
2021). Considering the similarity of the production process 
of yogurt from different protein isolates, one could expect 
that yogurt derived from lentil protein isolate might have a 
lower ecological burden than dairy- and soy-based products.

As a result of increased yields and acreage expansion, 
lentil production has increased globally since the 1950s. 
However, in Europe, the area under lentils declined sharply 
in the 1990s, with about 65% of the world's lentil production 
coming from Canada and India. Only in the last few years 
lentil cultivation has experienced a revival. The largest pro-
ducers in Europe are Spain and France (FAO 2019). Due to 
limited own production and high import rates, the price is 
comparably high. Based on data from the Food and Agri-
cultural Organization of the United Nations (FAO), farm 
gate prices for the year 2019 in Europe for soybeans were 
estimated to range between 284.1 and 592.7 $/tonne (FAO 
2021). For cow milk and lentils, the farm gate price was, 
respectively, between 301.1 and 715.1 $/tonne and between 
506.9 and 1799.4 $/tonne (FAO 2021). In 2019, soybeans 
were slightly less expensive in comparison to cow’s milk, 
while European lentils were significantly more expensive 
(Fig. 6).

In the future, long-term optimization of agricultural prac-
tices is expected to result not only in a further reduction of 
the environmental impacts but also will affect the economic 
profile, thus reducing the high European farm gate prices of 
lentils as well.

This is currently addressed by the Smart Protein project: 
on the one hand, agricultural optimization activities are tak-
ing place, which is also strongly needed to start project-
related ecological as well as the economic screening of lentil 
cultivation in comparison to benchmarks. Therefore, a pro-
ject-specific survey was established and is currently being 
evaluated. On the other hand, the processing of lentils will 
result in side streams, which are foreseen to utilize as well to 
further reduce the environmental impact of lentil cultivation 
and isolate processing, but also lower the final lentil-based 
product costs. Allocation and sensitivity analyses will be 
then performed accordingly.

4  Conclusions

LCA is an established environmental tool that accomplishes 
an incorporated evaluation of the environmental impacts of 
alternative products/processes. As a methodology to assess 

ecological performance, it is known to be complicated, as 
its full framework requires extensive data, a prerequisite that 
cannot be met during the R&D stage. However, this paper 
underlines the importance of performing LCA at an early 
phase of product and process development as illustrated by 
two case studies in the food and feed sector.

Within case study 1, the researchers’ scope was the pro-
duction of fish feed using insects and aquatic plants in a 
developed and optimized recirculating aquaponics model. 
The outcomes of this study showed that fish feed derived 
from Hermetia illucens and Lemna minor might have the 
possibility to be more environmentally friendly than stand-
ard feed if the findings from the ecological screening would 
be implemented in the further development and scale-up. 
It is important to notice that the correlation here addresses 
the impacts of the task on a pilot scale. Different improve-
ment possibilities were shown, which are fundamental for 
the wide scope execution of the two species rearing just as 
their processing up to the fish feed pellets. A more detailed 
explanation could be found in (Goyal et al. 2021).

Case study 2 deals with the development of plant-based 
dairy foods, whose proteins are extracted from plants like 
lentils, chickpeas or fava beans. The activities within the 
framework of the associated project are currently embedded 
in the early development stage, for which the application and 
adaption of LCA shall enlighten a path for further develop-
ment towards industry-scale production. So far, a screening 
took place by means of a single impact category, as there-
fore the data availability and comparability to literature stud-
ies was well given. As the farming phase is expected to be 
environmentally driving the ecological profile of plant-based 
products, see also Ritchie and Roser 2021, optimization of 
farming activities will be exploited to holistically study the 
influence of farming practices, supplemented by theoretical 
simulation to cope with the uncertainties of the field trial 
experiments. The simulation model interacts with the plant 
species and different environmental conditions to recom-
mend a promising production system. Project-related LCA 
results will be published in due time.

As a consequence, to accompany the development of 
new products by environmental assessment approaches, the 
LCA practitioner and all relevant stakeholders have to be 
aware that a simplified, broader, and more open approach 
instead of a traditional, holistic analysis has to be taken into 
account. Such analysis is being subject to large uncertainties 
and requires considerate assumptions that must be based 
on discussion, not on firm statements that are gratuitously 
presented as correct, (see also (Kunnari et al. 2009; Villares 
et al. 2017; van der Giesen et al. 2020; Beemsterboer et al. 
2020a).

Moreover, there is a great need for background databases 
that can be used in modeling future technologies, as also 
recommended by van der Giesen et al. (van der Giesen et al. 
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2020). For an increased understanding of the importance and 
challenges of performing LCAs of emerging technologies 
and concepts, and for a growing life cycle inventory database 
and LCA result portfolio for future evaluation and compara-
tive studies, the authors intend to encourage all research-
ers and practitioners engaged with LCA work to publish 
data regarding the application of LCA at the early stage of 
research and development of products and services.

Acknowledgements For the first case study, the authors gratefully 
acknowledge the financial support provided by the German Federal 
Ministry of Education and Research in the framework of the project 
“Lemna-Hermetia” ("KMU-innovativ" funding initiative, funding code 
033RK048E). For the second case study, the project has received fund-
ing from the European Union`s Horizon 2020 research and innovation 
program under grant agreement No 862957 (Smart Protein).

Author contributions All authors contributed equally to the study con-
ception and the structure of this article. The first draft of the manuscript 
was written by DO and SG and other co-authors commented on previ-
ous versions of the manuscript. All the authors read and approved the 
final manuscript.

Declarations 

Conflict of interest The authors declare no conflict of interest. The 
funders had no role in the design of the study; in the collection, analy-
ses, or interpretation of data; in the writing of the manuscript, or in the 
decision to publish the results.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Alonso-Miravalles L, Jeske S, Bez J, Detzel A, Busch M, Krueger 
M, Wriessnegger CL, O’Mahony JA, Zannini E, Arendt EK 
(2019) Membrane filtration and isoelectric precipitation techno-
logical approaches for the preparation of novel, functional and 
sustainable protein isolate from lentils. Eur Food Res Technol 
245(9):1855–1869

Alfiko Y, Xie D, Astuti RT, Wong J, Wang Le (2021) Insects as a feed 
ingredient for fish culture: status and trends. Aquac Fish. https:// 
doi. org/ 10. 1016/J. AAF. 2021. 10. 004

Amicarelli V, Fiore M, Bux C (2021a) Hidden flows assessment in the 
agri-food sector: evidence from the Italian beef system. Br Food 
J 123(13):384–403. https:// doi. org/ 10. 1108/ BFJ- 05- 2021- 0547

Amicarelli V, Lagioia G, Bux C (2021b) Global warming potential of 
food waste through the life cycle assessment: an analytical review. 

Environ Impact Assess Rev 91:106677. https:// doi. org/ 10. 1016/j. 
eiar. 2021. 106677

Arvidsson R, Tillman A-M, Sandén BA, Janssen M, Nordelöf A, Kush-
nir D, Molander S (2018) Environmental assessment of emerging 
technologies: recommendations for prospective LCA. J Ind Ecol 
22(6):1286–1294. https:// doi. org/ 10. 1111/ JIEC. 12690

de Beaufort-Langeveld ASH, Christiansen K (1997) Simplifying LCA: 
just a cut?: Final report from the SETAC-EUROPE LCA Screen-
ing and Streamlining Working Group. SETAC-Europe, Brussels

Beemsterboer S, Baumann H, Wallbaum H (2020) Ways to get work 
done: a review and systematisation of simplification practices 
in the LCA literature. Int J Life Cycle Assess 25(11):2154–68. 
https:// doi. org/ 10. 1007/ S11367- 020- 01821-W

Berardy A, Costello C, Seager T (2015) Life cycle assessment of 
soy protein isolate. In: International Symposium on Sustainable 
Systems and Technologies, V3

Binaghi L, Del Borghi M, Gallo M (2007) The application of the 
environmental product declaration to waste disposal in a sani-
tary landfill-four case studies (10 pp). Int J Life Cycle Assess 
12(1):40–49

Boeck T, Zannini E, Sahin AW, Bez J, Arendt EK (2021) Nutritional 
and rheological features of lentil protein isolate for yoghurt-like 
application. Foods 10(8):1692

Braun M, Muñoz I, Schmidt JH, Thrane M (2016) Sustainability of soy 
protein from life cycle assessment. FASEB J 30:894.5. https:// doi. 
org/ 10. 1096/ FASEBJ. 30.1_ SUPPL EMENT. 894.5

Buyle M, Audenaert A, Billen P, Boonen K, Van Passel S (2019) The 
future of ex-ante LCA? Lessons learned and practical recom-
mendations. Sustainability 11(19):5456. https:// doi. org/ 10. 3390/ 
su111 95456

Chaudhary A, Tremorin D (2020) Nutritional and environmental 
sustainability of lentil reformulated beef burger. Sustainability 
12(17):6712. https:// doi. org/ 10. 3390/ SU121 76712

Chemnitz C, Becheva S (2021) Meat Atlas 2021. https:// eu. boell. org/ 
sites/ defau lt/ files/ 2021- 09/ MeatA tlas2 021_ final_ web. pdf? dimen 
sion1= ecolo gy

Christiansen K (1997) Simplifying LCA: just a cut? SETAC 
Collingridge D (1982) The social control of technology. St. Martin’s 

Press, New York
European Commission (2017) Commission Regulation (EU) 2017/893 

of 24 May 2017 Amending Annexes I and IV to Regulation (EC) 
No 999/2001 of the European Parliament and of the Council and 
Annexes X, XIV and XV to Commission Regulation (EU) No 
142/2011 as Regards the Provisions on Processed Animal Protein 
(Text with EEA Relevance. )$—Publications Office of the EU. 
Official Journal of the European Union. https:// op. europa. eu/ en/ 
publi cation- detai l/-/ publi cation/ d07e2 398- 410c- 11e7- a9b0- 01aa7 
5ed71 a1.

Cucurachi S, van der Giesen C, Guinée J (2018) Ex-ante LCA of 
emerging technologies. Procedia CIRP 69:463–468. https:// doi. 
org/ 10. 1016/J. PROCIR. 2017. 11. 005

Dalgaard R, Schmidt J, Halberg N, Christensen P, Thrane M, Pen-
gue WA (2007) LCA of soybean meal. Int J Life Cycle Assess 
13(3):240–54. https:// doi. org/ 10. 1065/ LCA20 07. 06. 342

de Boer J, Schösler H, Aiking H (2014) ‘Meatless Days’ or ‘Less but 
Better’? Exploring strategies to adapt western meat consumption 
to health and sustainability challenges. Appetite 76:120–128. 
https:// doi. org/ 10. 1016/j. appet. 2014. 02. 002

De Silva SS, Nguyen TT, Turchini GM, Amarasinghe US, Abery NW 
(2009) Alien species in aquaculture and biodiversity: a paradox 
in food production. Ambio 38(1):24–8

EC (2003) The end-of-life vehicles regulations 2003. https:// www. legis 
lation. gov. uk/ uksi/ 2003/ 2635/ conte nts/ made

EC (2006) The Waste Electrical and Electronic Equipment Regulations 
2006. Queen’s Printer of Acts of Parliament. https:// www. legis 
lation. gov. uk/ uksi/ 2006/ 3289/ conte nts/ made

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/J.AAF.2021.10.004
https://doi.org/10.1016/J.AAF.2021.10.004
https://doi.org/10.1108/BFJ-05-2021-0547
https://doi.org/10.1016/j.eiar.2021.106677
https://doi.org/10.1016/j.eiar.2021.106677
https://doi.org/10.1111/JIEC.12690
https://doi.org/10.1007/S11367-020-01821-W
https://doi.org/10.1096/FASEBJ.30.1_SUPPLEMENT.894.5
https://doi.org/10.1096/FASEBJ.30.1_SUPPLEMENT.894.5
https://doi.org/10.3390/su11195456
https://doi.org/10.3390/su11195456
https://doi.org/10.3390/SU12176712
https://eu.boell.org/sites/default/files/2021-09/MeatAtlas2021_final_web.pdf?dimension1=ecology
https://eu.boell.org/sites/default/files/2021-09/MeatAtlas2021_final_web.pdf?dimension1=ecology
https://eu.boell.org/sites/default/files/2021-09/MeatAtlas2021_final_web.pdf?dimension1=ecology
https://op.europa.eu/en/publication-detail/-/publication/d07e2398-410c-11e7-a9b0-01aa75ed71a1
https://op.europa.eu/en/publication-detail/-/publication/d07e2398-410c-11e7-a9b0-01aa75ed71a1
https://op.europa.eu/en/publication-detail/-/publication/d07e2398-410c-11e7-a9b0-01aa75ed71a1
https://doi.org/10.1016/J.PROCIR.2017.11.005
https://doi.org/10.1016/J.PROCIR.2017.11.005
https://doi.org/10.1065/LCA2007.06.342
https://doi.org/10.1016/j.appet.2014.02.002
https://www.legislation.gov.uk/uksi/2003/2635/contents/made
https://www.legislation.gov.uk/uksi/2003/2635/contents/made
https://www.legislation.gov.uk/uksi/2006/3289/contents/made
https://www.legislation.gov.uk/uksi/2006/3289/contents/made


Environment Systems and Decisions 

1 3

EC (2009) DIRECTIVE 2009/28/EC OF THE EUROPEAN PAR-
LIAMENT AND OF THE COUNCIL of 23 April 2009 on the 
Promotion of the Use of Energy from Renewable Sources and 
Amending and Subsequently Directives 2001/77/EC and 2003/30/
EC. Official Journal of the European Union, June

Ekvall T, Weidema BP (2004) System boundaries and input data in 
consequential life cycle inventory analysis. Int J Life Cycle Assess 
9(3):161–71. https:// doi. org/ 10. 1007/ BF029 94190

European Commission (2018) European Platform on Life Cycle 
Assessment. https:// eplca. jrc. ec. europa. eu/ ELCD3/ datas etDow 
nload. xhtml

Eurostat (2021) Farms and farmland in the European Union-Statistics. 
https:// ec. europa. eu/ euros tat/ stati stics- expla ined/ index. php? title= 
Farms_ and_ farml and_ in_ the_ Europ ean_ Union_-_ stati stics. 
Accessed 28 July 2021

FAO (2020) The state of world fisheries and aquaculture. FAO, Rome. 
https:// doi. org/ 10. 4060/ ca922 9en

FAO (2019). FAOSTAT. http:// www. fao. org/ faost at/ en/# data/ QC
FAO (2021) Producer prices. Food and Agriculture Organization. 

https:// www. fao. org/ faost at/ en/# data/ PP
Souza Filho, Pedro F., Dan Andersson, Jorge A. Ferreira, and Moham-

mad J. Taherzadeh. 2019. “Mycoprotein: Environmental Impact 
and Health Aspects.” World Journal of Microbiology and Bio-
technology 2019 35:10 35 (10): 1–8. https:// doi. org/ 10. 1007/ 
S11274- 019- 2723-9.

Finnveden G, Hauschild MZ, Ekvall T, Guinée J, Heijungs R, Hellweg 
S, Koehler A, Pennington D, Suh S (2009) Recent developments 
in life cycle assessment. J Environ Manag 91(1):1–21. https:// doi. 
org/ 10. 1016/J. JENVM AN. 2009. 06. 018

Fleischer G, Schmidt W-P (1997) Iterative screening LCA in an eco-
design tool. Int J Life Cycle Assess 2(1):20–24. https:// doi. org/ 
10. 1007/ BF029 78711

García-Guaita F, González-García S, Villanueva-Rey P, Moreira MT, 
Feijoo G (2018) Integrating urban metabolism, material flow anal-
ysis and life cycle assessment in the environmental evaluation of 
Santiago de Compostela. Sustain Cities Soc 40:569–580. https:// 
doi. org/ 10. 1016/j. scs. 2018. 04. 027

Godfray HC, Aveyard P, Garnett T, Hall JW, Key TJ, Lorimer J, 
Pierrehumbert RT, Scarborough P, Springmann M, Jebb SA 
(2018) Meat consumption, health, and the environment. Science 
361(6399):5324. https:// doi. org/ 10. 1126/ SCIEN CE. AAM53 24

Goyal S, Ott D, Liebscher J, Höfling D, Müller A, Dautz J, Gutzeit HO, 
Schmidt D, Reuss R (2021) Sustainability analysis of fish feed 
derived from aquatic plant and insect. Sustainability 13(13):7371. 
https:// doi. org/ 10. 3390/ su131 37371

Gutowski TG, Liow JY, Sekulic DP (2010) Minimum exergy require-
ments for the manufacturing of carbon nanotubes. In: Proceed-
ings of the 2010 IEEE International Symposium on Sustainable 
Systems and Technology, pp 1–6. IEEE. https:// doi. org/ 10. 1109/ 
ISSST. 2010. 55076 87.

Heinzle E, Biwer A (2001) Process simulation for early ecological 
evaluation of biotechnological processes: the example of citric 
acid. Chem Ing Tec 73:1467–1472

Heinzle E, Weirich D, Brogli F, Hoffmann VH, Koller G, Verduyn MA, 
Konrad H (1998) Ecological and economic objective functions for 
screening in integrated development of fine chemical processes. 1. 
Flexible and expandable framework using indices. Ind Eng Chem 
Res 37(8):3395–3407. https:// doi. org/ 10. 1021/ IE970 8539

Hetherington AC, Borrion AL, Griffiths OG, McManus MC (2014) 
Use of LCA as a development tool within early research: chal-
lenges and issues across different sectors. Int J Life Cycle Assess 
19(1):130–43. https:// doi. org/ 10. 1007/ S11367- 013- 0627-8

Huijbregts MA, Steinmann ZJ, Elshout PM, Stam G, Verones F, Vieira 
M, Zijp M, Hollander A, van Zelm R (2017) ReCiPe2016: a har-
monised life cycle impact assessment method at midpoint and 
endpoint level. Int J Life Cycle Assess 22(2):138–47

Ijassi W, Rejeb HB, Zwolinski P (2021) Environmental impact alloca-
tion of agri-food co-products. Procedia CIRP. 98:252–7

Iribarren D, Moreira M, Feijoo G (2012) Life cycle assessment of aqua-
culture feed and application to the turbot sector. Int J Environ Res 
6:837–848

ISO 14040 (2006) “ISO 14040:2006.” Environmental management—
life cycle assessment—principles and framework. https:// www. 
iso. org/ stand ard/ 37456. html

ISO 14044 (2006) ISO 14044:2006. Environmental management—life 
cycle assessment—requirements and guidelines. https:// www. iso. 
org/ stand ard/ 38498. html

Jeewanthi RKC, Paik HD (2018) Modifications of nutritional, 
structural, and sensory characteristics of non-dairy soy cheese 
analogs to improve their quality attributes. J Food Sci Technol 
55(11):4384–94. https:// doi. org/ 10. 1007/ S13197- 018- 3408-3

Jeske S, Bez J, Arendt EK, Zannini E (2019) Formation, stabil-
ity and sensory characteristics of a lentil based milk substi-
tute as affected by homogenisation and pasteurisation. Eur 
Food Res Technol 245(7):1–13. https:// doi. org/ 10. 1007/ 
S00217- 019- 03286-0

Jeswani HK, Azapagic A, Schepelmann P, Ritthoff M (2010) Options 
for broadening and deepening the LCA approaches. J Clean Prod 
18(2):120–127. https:// doi. org/ 10. 1016/j. jclep ro. 2009. 09. 023

Jeswiet J, Hauschild M (2005) EcoDesign and future environmental 
impacts. Mater Des 26(7):629–634. https:// doi. org/ 10. 1016/J. 
MATDES. 2004. 08. 016

Jiménez-González C, Kim S, Overcash MR (2000) Methodology for 
developing gate-to-gate life cycle inventory information. Int J Life 
Cycle Assess 5(3):153–9

Katt F, Meixner O (2020) A systematic review of drivers influencing 
consumer willingness to pay for organic food. Trends Food Sci 
Technol 100:374–388. https:// doi. org/ 10. 1016/J. TIFS. 2020. 04. 
029

Khanna V, Bakshi BR (2009) Carbon nanofiber polymer compos-
ites: evaluation of life cycle energy use. Environ Sci Technol 
43(6):2078–2084. https:// doi. org/ 10. 1021/ ES802 101X

Khazaei H, Subedi M, Nickerson M, Martínez-Villaluenga C, Frias 
J, Vandenberg A (2019) Seed protein of lentils: current status, 
progress, and food applications. Foods 8(9):391

Klöpffer W (ed) (2014) Background and future prospects in life 
cycle assessment. Springer, Dordrecht. https:// doi. org/ 10. 1007/ 
978- 94- 017- 8697-3

Koller G, Ulrich F, Hungerbühler K (2000) Assessing safety, health, 
and environmental impact early during process development. Ind 
Eng Chem Res 39(4):960–972. https:// doi. org/ 10. 1021/ IE990 669I

Kralisch D, Ott D (2017) Environmental analyses and life cycle assess-
ment studies. In: Kamer PCJ, Vogt D, Thybaut JW (eds) Contem-
porary catalysis—science, technology, and applications. United 
Kingdom by CPI Group (UK) Ltd, London

Kralisch D, Streckmann I, Ott D, Krtschil U, Santacesaria E, Di Serio 
M, Russo V et al (2012) Transfer of the epoxidation of soybean 
oil from batch to flow chemistry guided by cost and environmen-
tal issues. Chemsuschem 5(2):300–311. https:// doi. org/ 10. 1002/ 
CSSC. 20110 0445

Kralisch D, Ott D, Kressirer S, Staffel C, Sell I, Krtschil U, Loeb P 
(2013a) Bridging sustainability and intensified flow processing 
within process design for sustainable future factories. Green Pro-
cess Synth 2(5):465–478. https:// doi. org/ 10. 1515/ GPS- 2013- 0058

Kralisch D, Staffel C, Ott D, Bensaid S, Saracco G, Bellantoni P, Loeb 
P (2013b) Process design accompanying life cycle management 
and risk analysis as a decision support tool for sustainable bio-
diesel production. Green Chem 15(2):463–477. https:// doi. org/ 
10. 1039/ C2GC3 6410G

Kralisch D, Ott D, Gericke D (2015) Rules and benefits of life cycle 
assessment in green chemical process and synthesis design: a 

https://doi.org/10.1007/BF02994190
https://eplca.jrc.ec.europa.eu/ELCD3/datasetDownload.xhtml
https://eplca.jrc.ec.europa.eu/ELCD3/datasetDownload.xhtml
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Farms_and_farmland_in_the_European_Union_-_statistics
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Farms_and_farmland_in_the_European_Union_-_statistics
https://doi.org/10.4060/ca9229en
http://www.fao.org/faostat/en/#data/QC
https://www.fao.org/faostat/en/#data/PP
https://doi.org/10.1007/S11274-019-2723-9
https://doi.org/10.1007/S11274-019-2723-9
https://doi.org/10.1016/J.JENVMAN.2009.06.018
https://doi.org/10.1016/J.JENVMAN.2009.06.018
https://doi.org/10.1007/BF02978711
https://doi.org/10.1007/BF02978711
https://doi.org/10.1016/j.scs.2018.04.027
https://doi.org/10.1016/j.scs.2018.04.027
https://doi.org/10.1126/SCIENCE.AAM5324
https://doi.org/10.3390/su13137371
https://doi.org/10.1109/ISSST.2010.5507687
https://doi.org/10.1109/ISSST.2010.5507687
https://doi.org/10.1021/IE9708539
https://doi.org/10.1007/S11367-013-0627-8
https://www.iso.org/standard/37456.html
https://www.iso.org/standard/37456.html
https://www.iso.org/standard/38498.html
https://www.iso.org/standard/38498.html
https://doi.org/10.1007/S13197-018-3408-3
https://doi.org/10.1007/S00217-019-03286-0
https://doi.org/10.1007/S00217-019-03286-0
https://doi.org/10.1016/j.jclepro.2009.09.023
https://doi.org/10.1016/J.MATDES.2004.08.016
https://doi.org/10.1016/J.MATDES.2004.08.016
https://doi.org/10.1016/J.TIFS.2020.04.029
https://doi.org/10.1016/J.TIFS.2020.04.029
https://doi.org/10.1021/ES802101X
https://doi.org/10.1007/978-94-017-8697-3
https://doi.org/10.1007/978-94-017-8697-3
https://doi.org/10.1021/IE990669I
https://doi.org/10.1002/CSSC.201100445
https://doi.org/10.1002/CSSC.201100445
https://doi.org/10.1515/GPS-2013-0058
https://doi.org/10.1039/C2GC36410G
https://doi.org/10.1039/C2GC36410G


 Environment Systems and Decisions

1 3

tutorial review. Green Chem 17(1):123–145. https:// doi. org/ 10. 
1039/ C4GC0 1153H

Kralisch D, Ott D, Lapkin AA, Yaseneva P, de Soete W, Jones M, 
Minkov N, Finkbeiner M (2018) The need for innovation man-
agement and decision guidance in sustainable process design. J 
Clean Prod 172:2374–2388. https:// doi. org/ 10. 1016/J. JCLEP RO. 
2017. 11. 173

Kunnari E, Valkama J, Keskinen M, Mansikkamäki P (2009) Envi-
ronmental evaluation of new technology: printed electronics case 
study. J Clean Prod 17(9):791–799. https:// doi. org/ 10. 1016/J. 
JCLEP RO. 2008. 11. 020

Li X, Chen W, Jiang J, Feng Y, Yin Y, Liu Y (2019) Functionality of 
dairy proteins and vegetable proteins in nutritional supplement 
powders: a review. Int Food Res J 26(6):1651–1664

Meier T (2017) Planetary boundaries of agriculture and nutrition—an 
anthropocene approach. In: Reinhold L, Hamann A, Kirstein J, 
Schleunitz M (eds) Proceedings of the symposium on communicat-
ing and designing the future of food in the anthropocene. Bachmann 
Verlag, Berlin, pp 67–76

Nielsen PH, Wenzel H (2002) Integration of environmental aspects in 
product development: a stepwise procedure based on quantitative 
life cycle assessment. J Clean Prod 10(3):247–257. https:// doi. org/ 
10. 1016/ S0959- 6526(01) 00038-5

Nijdam D, Rood T, Westhoek H (2012) The price of protein: review of 
land use and carbon footprints from life cycle assessments of ani-
mal food products and their substitutes. Food Policy 37(6):760–770. 
https:// doi. org/ 10. 1016/J. FOODP OL. 2012. 08. 002

O’Neill EA, Stejskal V, Clifford E, Rowan NJ (2020) Novel use of peat-
lands as future locations for the sustainable intensification of fresh-
water aquaculture production—a case study from the Republic of 
Ireland. Sci Total Environ 706:136044. https:// doi. org/ 10. 1016/J. 
SCITO TENV. 2019. 136044

Ott D, Kralisch D, Denčić I, Hessel V, Laribi Y, Perrichon PD, Berguer-
and C, Kiwi-Minsker L, Loeb P (2014) Life cycle analysis within 
pharmaceutical process optimization and intensification: case study 
of active pharmaceutical ingredient production. Chemsuschem 
7(12):3521–3533. https:// doi. org/ 10. 1002/ CSSC. 20140 2313

Ott D, Borukhova S, Hessel V (2016) Life cycle assessment of multi-step 
rufinamide synthesis—from isolated reactions in batch to continuous 
microreactor networks. Green Chem 18(4):1096–1116. https:// doi. 
org/ 10. 1039/ C5GC0 1932J

Pimentel D, Pimentel M (2003) Sustainability of meat-based and plant-
based diets and the environment. Am J Clin Nutr 78(3):660S-663S. 
https:// doi. org/ 10. 1093/ AJCN/ 78.3. 660S

Smart Protein (2020) Smart protein: from farm to fork. https:// smart prote 
inpro ject. eu/

Ritchie H, Roser M (2021) Environmental impacts of food production. 
OurWorldInData.Org. June 2021. https:// ourwo rldin data. org/ envir 
onmen tal- impac ts- of- food# citat ion

Rivera XC, Azapagic A (2016) Life cycle costs and environmental 
impacts of production and consumption of ready and home-made 
meals. J Clean Prod 112:214–28

Rockström J, Steffen W, Noone K, Persson Å, Chapin FS III, Lambin 
E, Lenton TM, Scheffer M, Folke C, Schellnhuber HJ, Nykvist B 
(2009) Planetary boundaries: exploring the safe operating space for 
humanity. Ecol Soc 14(2):32

Roy P, Nei D, Orikasa T, Qingyi Xu, Okadome H, Nakamura N, Shiina 
T (2009) A review of life cycle assessment (LCA) on some food 
products. J Food Eng 90(1):1–10. https:// doi. org/ 10. 1016/J. JFOOD 
ENG. 2008. 06. 016

Rustad IH (2016) Life cycle assessment of fish feed produced from the 
black soldier fly (Hermetia illucens). Norwegian University of Sci-
ence and Technology, Norway. https:// ntnuo pen. ntnu. no/ ntnu- xmlui/ 
bitst ream/ handle/ 11250/ 24135 36/ 14657_ FULLT EXT. pdf? seque 
nce=1

Samuel-Fitwi B, Meyer S, Reckmann K, Schroeder JP, Schulz C (2013) 
Aspiring for environmentally conscious aquafeed: comparative LCA 
of aquafeed manufacturing using different protein sources. J Clean 
Prod 52:225–233. https:// doi. org/ 10. 1016/j. jclep ro. 2013. 02. 031

Scherhaufer S, Davis J, Metcalfe P, Gollnow S, Colin F, de Menna F, 
Vittuari M, Östergren K (2020) Environmental assessment of the 
valorisation and recycling of selected food production side flows. 
Resour Conserv Recycl 161:104921. https:// doi. org/ 10. 1016/J. 
RESCO NREC. 2020. 104921

Smárason BÖ, Ögmundarson Ó, Árnason J, Bjornsdottir R, Davidsdottir 
B (2017) Life cycle assessment of Icelandic arctic char fed three 
different feed types. Turk J Fish Aquat Sci. https:// doi. org/ 10. 4194/ 
1303- 2712- v17_1_ 10

Smetana S, Schmitt E, Mathys A (2019) Sustainable use of hermetia 
illucens insect biomass for feed and food: attributional and conse-
quential life cycle assessment. Resour Conserv Recycl 144:285–296. 
https:// doi. org/ 10. 1016/j. resco nrec. 2019. 01. 042

Song M, Fung TT, Hu FB, Willett WC, Longo VD, Chan AT, Giovan-
nucci EL (2016) Association of animal and plant protein intake 
with all-cause and cause-specific mortality. JAMA Intern Med 
176(10):1453–1463. https:// doi. org/ 10. 1001/ JAMAI NTERN MED. 
2016. 4182

Tischner, Ursula., Sandra. Masselter, Bernd. Hirschl, and Germany. 
Umweltbundesamt. 2000. How to Do EcoDesign? : A Guide for 
Environmentally and Economically Sound Design. Verlag form.

Todd JA, Curran MA, Weitz K, Sharma A, Vigon B, Price E, Nor-
ris G, Eagan P, Owens W, Veroutis A (1999) Streamlined 
life-cycle assessment: a final report from the SETAC North 
America Streamlined LCA Workgroup. https:// www. yumpu. 
com/ en/ docum ent/ read/ 13043 874/ strea mlined- life- cycle- asses 
sment-a- final- report- from- the- setac-

Tsoy N, Steubing B, van der Giesen C, Guinée J (2020) Upscaling meth-
ods used in ex ante life cycle assessment of emerging technologies: 
a review. Int J Life Cycle Assess 25(9):1680–92. https:// doi. org/ 10. 
1007/ S11367- 020- 01796-8

Tufvesson LM, Tufvesson P, Woodley JM, Börjesson P (2013) Life cycle 
assessment in green chemistry: overview of key parameters and 
methodological concerns. Int J Life Cycle Assess 18(2):431–44. 
https:// doi. org/ 10. 1007/ S11367- 012- 0500-1

van der Giesen C, Cucurachi S, Guinée J, Kramer GJ, Tukker A (2020) 
A critical view on the current application of LCA for new tech-
nologies and recommendations for improved practice. J Clean Prod 
259:120904. https:// doi. org/ 10. 1016/J. JCLEP RO. 2020. 120904

Van Zanten HH, Oonincx DG, Mollenhorst H, Bikker P, Meerburg BG, 
de Boer IJ (2014) Can the environmental impact of livestock feed 
be reduced by using waste-fed housefly larvae. In: Proceedings of 
the 9th International Conference LCA of Food, San Francisco, CA, 
USA, pp 8–10

Vermeir I, Weijters B, de Houwer J, Geuens M, Slabbinck H, Spruyt 
A, van Kerckhove A, van Lippevelde W, de Steur H, Verbeke W 
(2020) Environmentally sustainable food consumption: a review and 
research agenda from a goal-directed perspective. Front Psychol. 
https:// doi. org/ 10. 3389/ FPSYG. 2020. 01603

Villares M, Işıldar A, Beltran AM, Guinee J (2016) Applying an ex-
ante life cycle perspective to metal recovery from e-waste using 
bioleaching. J Clean Prod 129:315–328. https:// doi. org/ 10. 1016/j. 
jclep ro. 2016. 04. 066

Villares M, Işıldar A, van der Giesen C, Guinée J (2017) Does ex 
ante application enhance the usefulness of LCA? A case study 
on an emerging technology for metal recovery from e-waste. Int 
J Life Cycle Asses 22(10):1618–33. https:// doi. org/ 10. 1007/ 
S11367- 017- 1270-6

Walser T, Demou E, Lang DJ, Hellweg S (2011) Correction to prospec-
tive environmental life cycle assessment of nanosilver T-shirts. 
Environ Sci Technol 45(16):7098–7098. https:// doi. org/ 10. 1021/ 
es202 4252

https://doi.org/10.1039/C4GC01153H
https://doi.org/10.1039/C4GC01153H
https://doi.org/10.1016/J.JCLEPRO.2017.11.173
https://doi.org/10.1016/J.JCLEPRO.2017.11.173
https://doi.org/10.1016/J.JCLEPRO.2008.11.020
https://doi.org/10.1016/J.JCLEPRO.2008.11.020
https://doi.org/10.1016/S0959-6526(01)00038-5
https://doi.org/10.1016/S0959-6526(01)00038-5
https://doi.org/10.1016/J.FOODPOL.2012.08.002
https://doi.org/10.1016/J.SCITOTENV.2019.136044
https://doi.org/10.1016/J.SCITOTENV.2019.136044
https://doi.org/10.1002/CSSC.201402313
https://doi.org/10.1039/C5GC01932J
https://doi.org/10.1039/C5GC01932J
https://doi.org/10.1093/AJCN/78.3.660S
https://smartproteinproject.eu/
https://smartproteinproject.eu/
https://ourworldindata.org/environmental-impacts-of-food#citation
https://ourworldindata.org/environmental-impacts-of-food#citation
https://doi.org/10.1016/J.JFOODENG.2008.06.016
https://doi.org/10.1016/J.JFOODENG.2008.06.016
https://ntnuopen.ntnu.no/ntnu-xmlui/bitstream/handle/11250/2413536/14657_FULLTEXT.pdf?sequence=1
https://ntnuopen.ntnu.no/ntnu-xmlui/bitstream/handle/11250/2413536/14657_FULLTEXT.pdf?sequence=1
https://ntnuopen.ntnu.no/ntnu-xmlui/bitstream/handle/11250/2413536/14657_FULLTEXT.pdf?sequence=1
https://doi.org/10.1016/j.jclepro.2013.02.031
https://doi.org/10.1016/J.RESCONREC.2020.104921
https://doi.org/10.1016/J.RESCONREC.2020.104921
https://doi.org/10.4194/1303-2712-v17_1_10
https://doi.org/10.4194/1303-2712-v17_1_10
https://doi.org/10.1016/j.resconrec.2019.01.042
https://doi.org/10.1001/JAMAINTERNMED.2016.4182
https://doi.org/10.1001/JAMAINTERNMED.2016.4182
https://www.yumpu.com/en/document/read/13043874/streamlined-life-cycle-assessment-a-final-report-from-the-setac-
https://www.yumpu.com/en/document/read/13043874/streamlined-life-cycle-assessment-a-final-report-from-the-setac-
https://www.yumpu.com/en/document/read/13043874/streamlined-life-cycle-assessment-a-final-report-from-the-setac-
https://doi.org/10.1007/S11367-020-01796-8
https://doi.org/10.1007/S11367-020-01796-8
https://doi.org/10.1007/S11367-012-0500-1
https://doi.org/10.1016/J.JCLEPRO.2020.120904
https://doi.org/10.3389/FPSYG.2020.01603
https://doi.org/10.1016/j.jclepro.2016.04.066
https://doi.org/10.1016/j.jclepro.2016.04.066
https://doi.org/10.1007/S11367-017-1270-6
https://doi.org/10.1007/S11367-017-1270-6
https://doi.org/10.1021/es2024252
https://doi.org/10.1021/es2024252


Environment Systems and Decisions 

1 3

Wernet G, Bauer C, Steubing B, Reinhard J, Moreno-Ruiz E, Weidema 
B (2016) The Ecoinvent Database Version 3 (Part I): Overview and 
Methodology. The International Journal of Life Cycle Assessment. 
21(9):1218–30. https:// doi. org/ 10. 1007/ S11367- 016- 1087-8

Westhoek H, Lesschen JP, Rood T, Wagner S, de Marco A, Murphy-
Bokern D, Leip A, van Grinsven H, Sutton MA, Oenema O (2014) 
Food choices, health and environment: effects of cutting europe’s 

meat and dairy intake. Glob Environ Chang 26(1):196–205. https:// 
doi. org/ 10. 1016/J. GLOEN VCHA. 2014. 02. 004

Willett W, Rockström J, Loken B, Springmann M, Lang T, Vermeulen 
S, Garnett T et al (2019) Food in the anthropocene: the EAT–lancet 
commission on healthy diets from sustainable food systems. Lan-
cet 393(10170):447–492. https:// doi. org/ 10. 1016/ S0140- 6736(18) 
31788-4

https://doi.org/10.1007/S11367-016-1087-8
https://doi.org/10.1016/J.GLOENVCHA.2014.02.004
https://doi.org/10.1016/J.GLOENVCHA.2014.02.004
https://doi.org/10.1016/S0140-6736(18)31788-4
https://doi.org/10.1016/S0140-6736(18)31788-4

	LCA as decision support tool in the food and feed sector: evidence from R&D case studies
	Abstract
	1 Introduction
	2 Challenges during the application of LCA Approaches in early R&D stages
	3 From theory to practice: case studies
	3.1 Case study 1: life cycle assessment of fish feed derived from plants and insect
	3.2 Case study 2: life cycle assessment of plant and fungal-based protein products for the sustainable food value chain

	4 Conclusions
	Acknowledgements 
	References




